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ABSTRACT

Simple analytical relationships between geopotential H, and geo-
metric altitude Z¢ for various latitudes ¢ are presented with the
required constants for relating He¢ to Z, and Z¢ to H at each of eight
latitudes 0°, 15°, 30°%, 45°, 60°, 75°, 90°, and at the reference latitude
R equal to 45° 32'33" which latitude corresponds to the standard sea-
level gravity, 9.80665 m sec™2. Values of HR(Z) were computed for geo-
metric altitudes between O and 10,000 km: values of ZR(H) were computed
for the equivalent range of geopotentials, between 0 and 3900 standard
geopotential kilometers (km’/). Computed values of Z, and Hy for the
other latitudes are presented as differences (Zy, - Zg) and(Hy - HR) as
functions of both argument pairs HR(Z) and Zgr(H), thereby leading to
four sets of tables. Values of HR(Z) and Zg(H) are compared with the
corresponding values from the U. S. Standard Atmosphere Hg(Z) and
Zg(H). These comparisons show the difference (Hg - Hp) to be -33 meters
at Zp = 700 km, while the difference (Zg - Zg) is shown to be 55 meters
at the corresponding value of Hy = 630 km’.
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SECTION I

INTRODUCTION

Atmospheric properties are tabulated not only as a function of geo-
metric height but frequently as a function of a height parameter called
geopotential H (Ref. 1 through 5). Geopotential H is used as an in-
dependent variable because many atmospheric relationships are materially
simplified by its introduction. The single variable, geopotential H,
can replace two variables, the acceleration of gravity g and the geo-
metric altitude Z. Accordingly, differential equations initially con-
taining both variables g and Z may be restated in terms of the single
variable geopotential so that integration of these transformed expressions
is much simpler.

Most atmospheric models published since 1952, which include tabula-
tions in terms of geopotential (those cited above) use tlie standard
geopotential meter as the unit of geopotential, and some of these models
provide tables for relating geopotential to geometric altitude, and vice
versa, to heights of 700 km. These transformation tables have usually
been calculated for that single latitude associated with the so-called
standard sea-level value of gravity equal to 9.80665 m sec™2. No
similar transformation tables are associated with the above cited models
for other latitudes. One recent set of models (Ref. 6) does distinguish
between atmospheric properties at 150, 300, 450, 60°, and 750, and
accordingly includes values of geometric altitude as a function of geo-
potential argument for each of these latitudes. These tabulations are
limited to geopotentials between 0 and 90,000 m’/ (except for the model
depicting 75° latitude, in which case the tabulation extends only to
31,000 m/). No tabulations are given for geopotential as a function of
geometric altitude for these five latitudes, and no tabulations of any
kind are given in these models for 0° and 90° latitude.

Harrison (Ref. 7) in a paper adapted for the Smithsonian Meteorologi-
cal tables (Ref. 8) describes a simple but accurate method of calculating
geopotential and provides two tables: (1) a tabulation of geopotential
at various latitudes from 0° to 900 as a function of integral multiples
of one geometric kilometer between sea level and 630 km; and (2) a tabu-
lation (for the same latitudes) of geometric altitude as a function of
integral multiples of one geopotential kilometer from sea level to 630
geopotential kilometers. The geopotential meter defined by Harrison,
however, is slightly smaller than the currently used standard geopoten-
‘tial meter, which was first defined in the ICAO Standard Atmosphere
(Ref. 1). The relative size of these two units of geopotential is
expressed by the ratio 9.8/9.80665, whereby the difference is about
0.678 percent of the former. Primarily because of this difference in



basic units, the Harrison tabulations are not consistent with the related
tabulations of the United States Standard Atmosphere, 1962 (Ref. 5) and of
other currently used model atmospheres.

Recent atmospheric measurements, particularly those involving high
perigee satellites, have yielded values of atmospheric properties for
altitudes considerably above 630 kilometers, and various atmospheric
models (Ref. 9 and 10) have consequently been extended to altitudes of
1000 kmb The desirability of applying these models to latitudes other
than 45, plus the limitations of the existing geopotential tables in
previous publications, has prompted the calculation of the geopotential-
geometric altitude tables which comprise the major contribution of this
report.




SECTION II

DEFINITIONS AND METHOD OF CALCULATION

Geopotential H, of a unit mass, at a given latitude ¢, relative to
the reference geopotential at the earth's surface Z_ at the same latitude,
varies with geometric altitude Z and with the altitgde-dependent accelera-
tion of gravity g¢(Z) for that latitude in accordance with the following
integral equation:

Z

H, = fg¢<Z) dz L

Z s
(o]

Approaches of considerable though varying sophistication have been
employed in recent years in the determination of a function of Z which
would permit the perfect integration of Equation (1) and would thus lead
to numerical values of H, (Ref. 2, 3, 4, 5, and 7), for specified values
of Z. The extreme differences in the values of H, for a given value of Z
as determined by any of these methods are very small compared with the
uncertainties of the atmospheric properties with which these geopotentials
are commonly associated. Thus, it is reasonable that the simpler of these
sophisticated methods (Ref. 2 and 7) be employed in the calculation of
geopotential for use with atmospheric properties as is the intent in these
tables. The most complicated and most sophisticated of these referenced
methods, that is, the method used in the United States Standard Atmosphere
1962 (Ref. 5), yields a value of H, at 700 km which differs by less than
0.007 percent from that computed for these tables for the same latitude.

Analytical relationships for H, as a function of Z, and for Z, as a
function of H, both stemming from Equation (1), are arrived at by
replacing g, (Z2) with a specialized form of the inverse-square law prior
to the integration of Equation (l). The resulting relationships are:

(2)




and

r, H
z,(8) = 2, = P (3)
¢ =9 - H
G
where
H¢(Z) = H¢ = geopotential in geopotential meters (m’) at
latitude ¢ as a function of geometric alti-
tude, Z,
Z¢(H) = Z¢ = geometric altitude in geometric meters (m) at
latitude ¢ as a function of geopotential H,
¢ = 9.80665 m> sec 2 (m/)'l, which value implicitly
defines one standard geopotential meter
By = the sea-level value of the acceleration of
gravity at latitude ¢, (m sec™ )
r, = the effective earth's radius for latitude ¢,

(m)

For any latitude ¢, the value of r, is generally not equal to the earth's
radius for that latitude, but rather is a quantity calculated to meet
certain boundary conditions (Ref. 2, Appendix M, and Ref. 7), such that
the relationships of Equations (2) and (3) retain a high degree of validity
over an extended range of altitudes at all latitudes.
. , o o o o

The values of g, and r, applicable to latitudes 0, 15, 30, 45,
600, 750, and 90° as'used ig this report were taken from Table 167 and
Table 49, respectively, of the Smithsonian Meteorological Tables (Ref. 8).
No value of g, or r, is gigen in the Smithsogian Tables, however, for the
reference latitude, R = 45 32' 33" (45.54247).

The reference latitude R is not an arbitrary value for which the
appropriate value of g, must be found, but rather is the latitude asso-
ciated with the so-cal?ed standard acceleration of gravity equal to
9.80665 m sec”? as designated in all United States Standard Atmospheres
published after 1922. 1If the latitude variation of the sea-level value
of the acceleration gravity is assumed to follow the Lambert equation
(Ref. 8, page 491), that is,

8¢ = 9.806160 (1 - 0.0026373 cos 2¢ + 0.0000059 cos2 2¢) %)

=i



the value of ¢ which satisfies this equation for g, = 9.80665 m sec2 is
found to be ¢ = 45° 32' 33" = R. The value of r %or this latitude was
computed in the manner described for the computation of values in
Smithsonian Table 49 (Ref. 8) or as previously discussed by Minzner and
Ripley (Ref. 2).

The values of gy and ry associated with the various latitudes
employed in these calculations are listed in Appendix A. The use of the
particular value of gy and r, for latitude R in Equation (2) yields values
of as a function of integral values of Z. These corresponding values
of Z'and H for latitude R are hereafter referred to as Zy and Hp and serve
as the first argument pair Zp and Hp, that is, the pair in which Zp is
given in integral multiples of one geometric meter while HR is expressed
in non-integral multiples of the geopotential unit. The use of this same
pair of values for g, and r¢ (for latitude R) in Equation (3) yields
values of Zg as a function of integral values of H. These corresponding
values of H and Z which hereafter also bear the subscript R, are desig-
nated as the second argument pair Hp and Zg, that is, the pair in which
HR is expressed in integral multiples of one standard geopotential meter
and Zgp is expressed in non-integral multiples of a geometric meter.

The use in Equation (3) of the appropriate values of g¢ and ry suc-
cessively for each of the other seven latitudes permits the calculation
of two corresponding sets of values of Zy as a function of Hy, for each
latitude, one set for the non-integral values of Hg from the first argu-
ment pair, and another set for the integral values of HR from the second
argument pair. A considerable reduction in the number of columns of
tabular print resulted, however, by listing values of the departure of
the above values of Z¢ from Zg in the form Z, - Zp for each of seven
latitudes as a function of the values of HR in each of the argument-pair
sets.

Similarly, Equation (2) and the appropriate values of g¢ and ry led
to seven sets of difference values, Hy - Hg, one set for each latitude
as a function of the integral values of Zp of the first argument pair,
while seven additional sets of Hy - Hyp were computed as a function of the
non-integral values of Zp of the second argument pair. Thus, two sets
of differences, (Z¢ - Zg) and (Hy - Hp), as well as two sets of argument
pairs (Zg and Hp) and (HR and Zg) led to the four tables of this report.

A comparison of the values of geopotential as a function of Z in the
1962 United States Standard Atmosphere with values of HR as computed by
Equation (2) for the same values of Z at the reference latitude R shows
that these two sets of values of H depart slowly from each other in
accordance with some function of increasing values of Z. The analytical
expression for computing the Standard-Atmosphere values of geopotential



has not been published, but Minzner (Ref. 1l1l) has shown that the
unrounded Standard-Atmosphere values of geopotential as a function of Z
are very closely approximated by an empirical function Hg which is defined

by the following pair of equations:

and

where

m o o W X =

Similarly Minzner (Ref. 10) has shown that the unrounded values of

]

]
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£(Z)

the value of r

the value of 8¢ for ¢

r_Rz_ . %B. - f(Z)
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0.4858124 x 10 ~ m/

0.1338918 x 10™1°
0.1903029 x 10”°
0.8288881 x 10
0.1822113 x 10”22

m’/m
m//m2
16,3

4

m’//m

(5)

(6)

Standard Atmosphere Z as a function of H are very closely approximated
by an empirical function Zg which is defined by the following pair of

equations:

and

where
A/
B/
c’/
D/
E/

f(H) =

0.2579651
0.2161710
0.1807561
0.9153012
0.2006785
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R &R
G

- [H+ £()]
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A/ 4+ B/H+ C/H” + D/H” + E‘H

X

10-7 m’//m/

X 10_10 m’/(m/)2
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10-22 m//(m’)4
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(8)



Since the 1962 Standard Atmosphere, like the earlier Standards,
uses 9.80665 m sec” as the sea-level value of the acceleration of
gravity, the 1962 Stagdard Atmosphere may be associated with the
reference latitude 45 32' 33", at least at sea level. Consequently,
a comparison of Zg(H) with Zp(H) in the form of Zg - Zg and a com-
parison of Hg(Z) with HR(Z) in the form of Hg - Hp gives an overall
indication of the uncertainties introduced into the H to Z relationship
by using the simplified expressions of Equations (2) and (3) rather than
the complicated unpublished method used in the 1962 Standard.
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SECTION III

GENERAL DESCRIPTION OF THE TABLES

As already indicated, the two sets of differences, (Z4 - Zg) and
(Hy - HR), applied to the two sets of argument pairs, (Zg and Hp) and
(HR and ZR), lead to four tables each having separate columns of dif-
ferences for each of seven latitudes. Each of these four tables is
divided into an "A" section and a "B" section. The "A'" sections cover
the argument range from 0 to 1000 km (or km’) with differences in units
of meters (or standard geopotential meters). The particular increments
in the "A'" sections of the tables are chosen to agree with the U. S.
Standard Atmosphere Supplements, 1966, (Ref. 12).

The "B" section of each table includes the data for values of the
argument pairs between 1000 and 10,000 km or between 1000 and 3,900 km’.
All entries in the "B'" sections are in kilometers (or Standard geopotential
kilometers) and the number of significant figures presented decreases with
increasing height to indicate, at least to a first approximation, the
degree of uncertainty.
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SECTION IV

SPECIFIC DESCRIPTION OF THE TABLES 1A AND 1B

Tables 1A and 1B present geometric altitude differences Zy - Zp for
various latitudes ¢ as a function of the second argument pair, that is,
as a function of integral values of Hp. The first two columns give the
values of the argument pair Hp and Zp respectively, and 3 through 9 give
the corresponding sets of values of Zy - Zg, one column for each latitude
as indicated in the heading. The addition of the appropriate values of
reference height Zp to these differences leads to values of Zy as a func-
‘tion of Hp, that is, the same kind of information as that presented with
different geopotential units in Table 51 of the Smithsonian Meteorological
Tables (Ref. 8).

Column 10 of Table 1A lists the differences Zg - Zp where Zg
approximates the set of standard-atmosphere geometric altitudes cores-
ponding to the independent set of values of Hp. The values of Zg cor-
responding to Hp were not taken directly from the tabulations of the
United States Standard Atmosphere but from Equations (7) and (8) since
(1) not all of the values of geopotential listed as HR appear in that
document and (2) the Standard Atmosphere values Z(H) have been rounded
to the nearest meter such that they are not smooth in the scale of 0.0l
meter as required for smooth values of Zg - Zp. This function Zg which
accurately fits the Z to H relationship employed in the Standard Atmos-
phere, 1962, permits the recovery of at least two significant figures
lost in the Standard-Atmosphere procedure of rounding to the nearest
meter. Thus, differences Zg - Zg may certainly be tabulated to the
nearest tenth of a meter as given. No values of Zg - Zp are given for
Zg greater than 700 km because the United States Standard Atmosphere
terminates at that altitude. Consequently no values of Zg - Zp appear
in Table 1B. ’

Tables 1A and 1B should be useful as a means of determining geometric
altitude as a function of geopotential for each of seven latitudes. With
latitude used as the independent variable, this table also shows the alti-
tude variation with latitude for each of a large number of equal geopoten-
tial surfaces having values expressed in integral multiples of one m/.

Graphical presentations of the data of Tables 1A and 1B are given in
Figures 1.1A, 1.1B, 1.2A, and 1.2B. The figures with "A" designations
‘are limited to the data for the region between sea level and 1,000 km
(or km’) while those with the "B" designation display the data for the
region between sea level and 10,000 km (or 3,900 km/). The digit to the
left of the decimal point associates the figure with the table. The :
digit "1" to the right of the decimal point indicates the independent

11



variable of the graph to be either geometric altitude or geopotential,
while the digit "2" to the right of the decimal point indicates the

independent variable of the graph to be latitude. Values of Zg - Zgp
are not included in any of the figures.

12



GEOMETRIC ALTITUDE DIFFERENCES BETWEEN A SERIES OF GEOPOTENTIAL SURFACES AT

TABLE 1A

A REFERENCE LATITUDE, AND THE SAME GEOPOTENTIAL SURFACES AT OTHER LATITUDES,
INCLUDING THOSE OF THE US STANDARD ATMOSPHERE,

ALL AS A FUNCTION OF GEOPOTENTIAL, O to 1,000 km/

GEOPO~ GEOMET.
TENTTAL ALTITUDE
HR}m’) ZR(m)

O 0«0
250, 25040
500 5000
757 75040

1000 10001
1250, 125042
1500, 150043
1750. 175044
2000. 200046
2250, 22507
2500 250069
2750, 27511
3000 3001e4
3250, 325146
3500 350149
3750 37522
4000 400265
4250 425248
4500 450341
4750, 475345
5000 500349
5250, 525443
5500 550447
5750 575542
6000. 600546
6250 62561
6500 6506 46
6757, 67571
7000, 7007.7
7250 725842
7500 7508.8
7750 77594
8000, 801040
8250 826047
850N, 85113
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GEOPO- GEOMET.
TENTIAL ALTITUDE
Piﬂnﬂ) Zz (m)
10000, 100157
10250, 1026645
10500, 105173
10750 1076842
110C0e. 11C19.0
11500, 1152048
1200C. 1202266
12500, 1252446
13000. 1302646
13500 1352847
14000, 1403049
14500, 1453341
15000, 1503544
15500 15537.8
16000, 1604043
16500, 1654249
17000 1704545
17500 1754843
18000, 18051.1
18500, 1855349
19000, 1905649
19500 . 1956040
20000, 2006341
Z205C0. 2056643
21000, 2106946
21500. 2157249
22000, 22076 e4
22500, 2257949
230C0. 2308345
23500, 235871
24000, 2409049
24500, 2459447
25000 2509847
25500 256027
26000 261067
26500, 2661049
27000. 27115.1
27500, 276194
28000, 28123.8
28500 . 2862843
29000, 2913249
29500, 2963745

14

0
Zo—Zp

270
2767
28.4
29,1
29.7
31.1

3245
33,8
3542
3645
3749
3943

4046
42.0
4344
4447
4641
4745
48.8
502
516
5249

5443
5547
5741
58.4
5948
6le2
6246
63.9
6543
6667

68,1
695
70.8
7242
73.6
7540
Té6et
7767
79.1
8045

TABLE 1A CONTINUED

LATITUDE ¢
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282 165 Oe
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317 1846 Qe7
3249 193 07
3441 2060 Q0e7
353 207 Q8
365 2le 4 0.8
377 2241 0e8
3849 228 Oe8
4060 2345 0e9
41e2 2442 0«9
4264 2449 0e9
4346 256 0e9
4448 263 le0
4660 270 le0
4762 277 le0
48e 4 28e4 1.0
4946 2961 le1
508 2948 lel
51e9 30e5 lel
531 3le2 lel
54e3 3149 l1e2
555 3246 le2
56e7 3343 le2
5769 3460 le2
591 3467 1e3
60e3 35e4 l1e3
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GEOPO- GEOMET.
TENTIAL ALTITUDE
H (m?) 2 (m
R R
30000, 3014262
3N500, 306470
31000, 3115149
31500, 3165648
32000 3216149
33000 331722
34000 3418248
35000 3519247
36000, 362050
37000 3721646
22000, 3822845
3900C o 3924047
40000 4025362
41000, 4126661
42000 4227943
43000 4323248
44000 o 4430646
45000 4522048
46000, 4633543
470CD . 4735060
48000 4836542
49000 . 4938N.¢E
50000« 5039643
51000 5141244
52000 5242848
53300, 5344546
54000 54462 46
55000 5548040
56000 564977
57000 5721547
53000, 5853440
59000, 5955247
60000« 605717
61000, 6159140
62000 626106
63000 6363066
64000 6465049
65000 6567165
66000 6669244
67000, 677136
6800C. 6873542
69000 697571

Z -7

¢ “R

8l.9
83e3
8/4.7
8€.1
8745
9042

93.0
9548
98 o6
101.4
10442
107.0

109.8
112.6
115.4
118,2
121.0
123.8
12666
12944
132.3
135.1

13749
140,48
14346
14644
14943
152.1
15540
157.8
16047
16345

l66e4
16962
1721
175.0
17748
18047
18346
18645
189.3
19242

TABLE.1A CONTINUED

LATITUDE
15 30 45
a) ZR Z¢ ZR %) z
71e1 4147 le5
723 424 le6
7345 4341 leb
T4e7 4348 le6
7640 4445 leb
784 4640 1e7
808 47 4 le7
83e2 4848 18
8546 502 1e8
8840 51e6 19
505 53,1 19
929 5445 20
9543 559 20
97.8 573 2el
1002 588 Zel
10246 60e2 2e2
105.1 61e6 23
1075 631 203
110.0 6445 2ol
112e4 6549 2ol
114.9 67eb 25
1173 €88 2%
119.8 T70e3 26
12242 7147 2e6
124.7 7301 207
12742 T4 e 2e7
129.6 76«0 2e8
132.1 7745 2e8
13446 789 29
13741 80e4 2e9
13945 81.8 360
14240 8343 30
14405 8447 3e1l
14740 8642 2.1
14945 877 3e2
151.9 8941 33
1544 9046 3e¢3
15649 92.0 3e4
1594 9345 el
16149 9540 3e5
1644 9604 3e5
16649 9749 3eb

¢ (DEG)

60
~3847
-3943
=400
=40e6
~4]143
~42e6

=439
-4542
~46e5
=479
-49e2
=505

-5148
-53.1
~54e5
-5548
"57.1
"58.‘4
-59.8
~61e1
-62e4
-63.8

-65e1
~66els
~678
-69e1
~70e5
-71.8
=~73e1
~7445
=758
~T77e2

-7845
-79.9
~8le2
~B82e6
-8349
~-8543
-8646
-8840
-89e4
~90e7
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GEOPO~- GEOMET.
TENTIAL ALTITUDE
/

kiﬁnl) ZR(m)
70000, 707794
71000, 7180149
72000, 7282448
730006 7384840
74000, 7487165
75000, 758954
76000, 7691946
77000, 7794461
78000, 7896849
79000, 79694461
80900, 810196
81000, 8204544
82000, 830715
83000, 8409860
84000, 8512448
85000, 861519
86000, 871794
R7000, 88207.2
880N0 8923543
89000 902637
90000, 912925
92000, 9335160
94000, 954108
96000, 9747260
98000, 99534 44
100000 . 10159842
102000, 10366343
1C4000. 10572947
106000 1077975
1080C0. 10986646
110000, 111937.0
112000, 11400847
114000, 11608147
116000, 11815641
118000, 120231 .8
1200N0. 12230848
125000, 12750743
130000 13271440
135C00., 1379292
14000QC 14315247
145000 14838447
150000 1536250
1550C0 15887349
16C000. 164131,.1
165C00 16939649

16

TABLFE 1A CONTINUED

15

Z¢—ZR
16944
172.0
17445
17740
17945
18240
184.5
187.1
18946
192.1

19447
197.2
199.7
2023
2048
207 ¢4
209.9
21245
21540
2176

22041
2252
2304
23545
24067

24509
25140
25642
26le4
26646
2718
277.1
28243
28746
29248

298.1
3113
32446
33840
3514
36449
37845
392.1
40548
41946

LATITUDE ¢
30 45
47lr 2o
994 3eb
10049 37
1023 3e7
103.8 3.8
1053 38
1068 3.9
10842 39
1097 460
111.2 4el
11247 4]
11442 Le2
11567 bo?
1172 4Le3
11846 4Le3
120.1 HGel
12146 Hel
123.1 4e5
1246 465
1261 4eb
12766 47
129.1 4o
13241 48
135.1 Le9
138.1 5¢0
14142 5e2
14442 53
1472 Sels
1503 55
15343 5e6
156 ¢ 4 57
159+ 4 58
16245 59
16546 6el
1687 62
1717 63
17448 604
182.6 607
190e¢4 70
19842 Te2
2061 Te5
21440 T8
2220 8e1l
23040 8e4
238.0 B8e7
24641 9e0

(DEG)
60

-92e1
~9345
~94.8
-G6e2
=975
=989
-100.3
~101.7
-103.0
-104e4

~-105.8
’10702
-108.5
-109.9
~-111.3
—11207
-114.1
-115.5
-116.8
-11842

-11946
~122+4
-125%42
~12840
-130.8

~133.6
-136e4
-139.2
-14241
~14449
"14707
-150.6
-153.4
-15643
—-159.1

-162.0
=169.2
-176e4
~-183.7
~191.0
-198.3
=205e7
=213.1
~220e5
-228.0

~187e7
-190.5
-193.3
-1960
-198.8
-201 46
=204 ¢4
=207.2
-21040
=212.8

~21546
-21804
=221e2
—-22440
~226 49
-22G.7
-23245
~23543
-238.1
=24140

~243.8
-249e5
-25542
-260e9
-26646

-272.3
~27840
-283.8
~-28945
-29543
-301.1
-306.9
-312.7
~-318+5
—-32443

~330e2

=344.8
~-359e5
-37443
~-38942
~404.1
-41961
~434 62
=449 ¢4
~46406
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GFOPO~ GEOMET.

TENTIAL ALTITUDE

HR(km’) Zlém)
170e 17467142
175 17995440
180s 18524544
185+ 19054544
190 19585349
195, 20117161
200s 20649649
2056 ?211831.3
210s 21717445
215¢ 22252643
220e 22788648
225e 2332561
230e 238634e2
?23%e 24402140
2404 24941667
?/45. 754R?102
?250e 26023445
2556 26565647
7606 27108748
?765e 27652748
270e 28197647
275 28743467
?80e 29290145
?785. 298377e4
290s 30386244
295« 3093563
300s 31485944
3106 32589247
3206 3369627
330e 34806% ¢4
3406 35921249
380. 37029346
360e 38161146
370« 392867.1
380e 40416042
390e 4154911
400e 42686042
4100 4382674
420e 44971361
4306 4611974
440¢ 47272065
4506 4842827
460e¢ 49588440
470 50752448
4806 51920542
490+ 53092544

Zy~Zg
499,1
51541
53142
547 o4
56346
57949

596 ¢4
6129
62944
64641
6628
6797
69646
71346
730a7
T47.8

76561
78244
799.8
8173
82540
8826
8704
88842
90642
92462

94243
97848
101547
105249
109045
112845
116648
120545
1244 .6
128440

1323.8
136461
140447
144547
148741
1528.9
1571.1
161346
165647
1700.1

TABLE 1A CONTINUED

15
Z¢-ZR

43344
44743
46162
47543
48944
5036

5179
532e2
54646
5611
57546
59043
6049
6197
62445
6494

6644
67945
6946
7098
72541
T40e4
7559
7714
78649
80246

818.3
850.1
88240
9144
94740
380.0
101362
104649
1080.8
1115.1

1149.6
118446
1219.8
125544
12914
132747
136443
140143
143846
147664

LATITUDE ¢ (DEG)

30

% ZR
25442
262 ¢4
27045
278.8
28741
29544

303.8
3122
32046
32961
3376
34662
35448
36345
37261
380.9

389.7
39845
4074
41663
42543
43442
443473
4524
46165
47067

47949
49845
5173
53642
555e4
S5T4e7
59442
6139
633.8
6539

67462
69446
7153
73662
7573
778e6
8001
82le7
84346
86547

45
Y
9e3
Seb
FeQ
o2
5
8

—

0]
0
0

11.1
1164
11e7
120
1243
127
130
13.3
1346
139

1462
146
1449
1542
155
1548
162
165
168
172

175
182
1849
196
203
210
217
2264
231
2349

2466
253
2661
269
276
284
292
300
308
31le6

60

Z¢ ZR
-23545
~24340
—-250e7
—-25843
-26549
-273e6

—-28le4
-289.2
~29740
~304e9
-312e7
-32047
—328e7
-3326.7
-34447
-352.8

=361e0
~36961
-377e3
-38546
-393,.9
—40202
~410e6
-4190
-427e5
~43660

~444 45
‘46107
~479e1
-496e7
-514e4
-532.3
-550e4
-56846
=-587.0
-6056

“62404
-64343
-662e4
-681.8
=701.3
-72140
=-740.8
=761.0
-78l.2
~801e6

‘414.4
"427.7
-44101
—45405
-46840
"481-5

—49502
-522e6
"536-4
-550e4
~564e3
~-578e3
“592.5
~606e6
-620e9

-63542
-649¢5
-66440
—678e6
_693.1
‘707.8
~722e5
‘737.‘}
“752.2
7672

-782.2
"812.5
-81‘5301
-873.9
"905.1
~936.6
-968e4
=100045
-1032.8
~1065+5

‘1098.6
-1131.9
-116546
~1199e5
-1233.9
~-126845
-1303e5
-1338.9
~137445
‘141004

-479.9
-49543
~-510.8
5263
-542.0
5577

=573 ¢4
-589.3
-605e3
~621e3
-637 ¢4
-65345
—66908
-686.1
=702 45
~71940

~73546
-752 42
-769e0
~78548
-802e7
~-81947
-836.7
-85349
-87142
~888e5

-905 49
~-94049
-976e¢4
-101201
-104842
-1084 e6
-1121.5
-115846
~1196.1
-1234.0

-127242
-1310.8
-1349.8
-138901
=142849
-1469.0
‘150905
“155004
-15%91.7
-1633 44
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GFOPO-

GEOMETe

TENTTAL ALTITUDE

Hp (km )

500
510
520
530.
540
550
560
570
580,
590

600
610
620
630,
640
650
669
670
680
690

700,
710
720
730
740,
750
760
770
780
790

800
820.
840,
860.
880.
900,
920
940 .
960.
980.

1000,

18

ZR(m)

5426856
55448641
5663270
57820845
5901309
60209444
6140991
62614543
63823343
650363.1

66253541
6747494
687006 e4
6993061
71164848
72403448
736464 ¢4
74893746
76145448
7740162

78662149
7992723
8119675
82470840
83749348
8503251
86320244
8761258
88909544
9021117

9151748
94144267
96790140
9945518
102139743
104843945
107568048
1103123.1
113076849
115862043

118667948

0

1744,0
178842
1832,.9
187840
1923.6
196945
201549
2062.8
211060
2157.8

220640
2254 a7
2303.8
2353 44
240344
245440
250449
2556 44
260844
266048

2713.8
27672
2821.2
287566
293046
2986.1
3042.1
309846
315546
321342

3271 44
3389,.2
350942
363146
375642
3883,2
4012 o4
414442
4278 e4
4415,.1

455442

TABLE 1A CONCLUDED

15
Z¢~ZR

151444
1552.8
159147
1630.8
16704
171043
175046
17913
183243
187348

191547
1957.9
20005
204346
20871
213140
217542
22199
226540
231045

235645
240340
244948
24970
254448
2593+0
264146
269GCe6
274062
27902

284047
294340
30472
3153.5
326166
33719
348440
359845
371540
3833.6

395444

LATITUDE ¢
30 45

Z¢-ZR Z¢-ZR
888e1 324
910e5 3342
933e3 341
95643 3449
9795 358
10029 36¢6
10265 3745
1050e4 3843
1074¢4 3942
10987 40e1
112342 4140
114840 4169
117360 4248
11982 437
1223e7 4467
1249e5 4546
12754 465
1301e6& 4745
132840 4845
13547 494
138147 50e4
1408e¢9 5Sle4
1436e4 5264
146460 5364
1492.0 5S4e4
152043 5545
154848 565
1577e¢5 575
160665 5846
163548 5947
16654 6048
17254 6249
1786e4 6561
184847 6764
1912e1 6947
19767 7261
2042e4 T4 e4
21095 7649
21778 T9e¢4
2247¢3 820
231841 8445

(DEG)
60

z -2

¢ R

~82243
-843.2
~86442
-88544
-90649
-92846
-950e4
-972e5
-99448
~10173

-104040
-106248
-1086.0
~-1109.3
-113249
~115646
-1180.7
-120449
-1229e4
-1254,1

=-1279.0
~-1304e2
-1329.5
~-135542
-1381.1
-1407.2
=-1433,5
=-1460e2
-148740
~-1514.1

=-154144
-159649
-1653 4
~1710e9
~176946
-1829.3
~1890e2
-1952.0
-201542
=2079 ¢4

~2144 49

75

Z ~2

¢ R
—144608
-1483.5
-1520e5
-155748
-1595.6
-163347
-167261
=1710.9
-1750.1
—-1789.7

-1829.6
-1869.9
-191046
-1951.6
-1993.0
-2034.9
-2077.1
-2119.8
-216207
“2206.2

=225040
—-229443
~-2338.9
~238440
=2429e5
-247544
-2521.7
~-2568.6
~2615.7
~2663e3

-2711.4
-280900
=290844
~3009.5
~3112.6
~3217.6
‘3324.6
—3433-4
=3544 .4
~3657«4

=3772.5

90

Z¢ ZR
-1675¢4
~1717.9
=176048
-1804.0
-1847.7
-1891.9
-1936 .4
“1981.3
~2026e7
=2072e5

-2118.7
-216543
~2212 45
—-22600
=2308.40
=2356 ¢4
~240543
-2454 47
~2504 5
=2554 .8

=26055
-2656e7
2708 ¢4
=-2760.7
-2813.3
-2866 ¢4
-2920.1
-2974.3
-3028.9
-308401

-3139.7
~3252.47
-3367.8
-3484 .9
=3604.3
-3725.8
-384967
-3975.7
~410442
~4234 49

~4368.3

ZS -Z

255
272
290
3009
329
3449
3761
39¢4
4147
4462

4648
4945
52e¢4
55e4



TABLE 1B

GEOMETRIC ALTITUDE DIFFERENCES BETWEEN A SERIES OF GEOPOTENTIAL SURFACES AT
A REFERENCE LATITUDE, AND THE SAME GEOPOTENTIAL SURFACES AT OTHER LATITUDES,
ALL AS A FUNCTION OF GEOPOTENTIAL, 1,000 to 3,900 km/

GEOPO- GEOMET. LATITUDE ¢ (DEG)
TENe ALT. 0 15 30 45 60 75 90
H ¢ km/ ) Z, G ) 2,-% Zolp L,mlp 2,7l L5y 2,72, 220
10000 1186068 4055 3095 2032 008 -2el4 —3077 -4037
1020s 1214.9% 4470 4408 2439 «09 ~2e¢21 -3.89 450
1040e 1243443 4484 4620 2646 « 09 -2428 =~4.01 —4eb4
10600 1272013 4-99 4033 2.54 009 —2035 "4.13 -4078
1080e 1301404 5¢14 4Le4f6 2661 «10 ~2e42 ~4e25 —4e93
1100« 1330.18 529 4459 2469 10 =249 ~4438 -5e¢07
1120« 1359454 5645 473 2eT7 «10 -2e¢56 ~4451 -5e22
111400 1389.12 5.60 4e87 2085 010 -206‘0 ~L4eb4 -5'37
1160 1418.93 577 5C1 2093 o11 ~2.71 4477 -5e53
1180 1448.97 56932 515 3.02 o11 -2e¢79 =4 491 ~5¢68
1200« 1479424 6610 529 3.10 «11 ~2e87 -5.05 ~-5¢84
1220s 1509475 6e27 S5e44 3.19 «12 -2495 -5.19 —6401
1240¢ 1540450 6e44 559 3.28 «12 -3e03 =533 -6e17
1260« 1571649 6e62 575 3437 «12 -3.11 ~5.48 634
1280 1602.73 6480 5690 3e46 «13 -3¢20 -5463 -6e51
1300. 1634421 6.98 606 355 «13 ~3429 -5.78 -6e69
1320 1665494 Tel7 6e22 3465 «13 ~3e37 -5493 -6¢87
1340. 1697.92 7636 639 3e74 «14 ~3e46 ~6409 ~705
1360 1730616 Te55 656 3.84 ol4 -3455 -6e25 —-T723
1380 1762466 Te75 6e¢73 3.94 ol4 -3465 ~6e41 ~Tet?2
1400 1795442 795 690 4405 +15 ~-3e74 -6e58 =762
1420. 1828.45 8016 7008 4.15 015 -3.84 "6075 "7081
1440, 1861474 8.36 Te26 426 o16 -3.94 -6.92 -801
1460 1895431 8458 745 4436 «16 ~-403 -7.09 —-8e21
1‘&80. 1929.15 8.79 Te64 HLe47 o1l6 -4 14 ~Te27 -8e42
1500, 1963427 9.01 783 459 17 ~hell -T7e45 -8e63
1520s 1997467 9624 8e02 4470 «17 -4 635 ~Te64 -B8e85
1540+ 2032436 Se47 8e22 4482 «18 -4el45 —7.83 -9.06
1560, 206734 9.70 B8e42 4494 «18 -4456 ~8402 -Ge29
1580 2102.61 9.94 863 506 «18 -4e 67 -8.22 =951
1600, 2138418 10.18 8484 518 «19 -4+ 79 -8e42 -9e74
1620s 2174405 10443 9405 530 19 -4490 ~8e62 ~Ge98
1640 2210622 10468 927 S5e43 20 -5402 ~8e83 =10e22
1660e 2246670 10493 9449 5456 « 20 -5.14 ~9e04 -10e46
1680es 2283+49 11.20 9672 Se70 21 -5426 ~9¢25 -10e71
17000 2320060 11.46 9.95 5.83 n21 -5039 ‘9.‘07 "‘10.96
1720, 2358403 11473 1019 5697 022 -5451 ~9e69 =11e22
1740, 2395478 12401 10642 6el1 «22 ~5e64 ~9e92 ~11le49
1760e 2433,86 12429 10667 625 «23 =578 =10e15 =11le75
1780s 2472428 12.58 1092 640 «23 -5091 -10e39 =-12.03
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GEOPO-
TEN

?
Hglkm’ )

1800.
1820,
1840,
1860
1880,
1900.
1920.
1940,
1960,
1980

2000,
2020
2040,
2060
2080,
2100.
2120.
2140,
2160,
2180.

2200
2220.
2240.
2260
2280.
2300
2320,
2340,
2360.
2380,

2420.
2440,
2460,
2480,
2500,
2520.
2540,
2560,
2580.

20

GEOMET.
ALT.

ZR(km)

2511.03
2550.12
2589456
2629435
2669450
2710.00
2750.88
2792.12
2833,73
2875473

2918.11
2960489
3004.06
3047463
3091461
3136400
3180481
3226405
327171
3317.82

3364437
3411437
3458482
350674
3555413
3603.99
3653+ 34
3703419
3753453
3804437

3855.73
3907462
3960403
4012.98
4066448
4120453
4175414
4230433
4286410
4342446

Zy=Zg

12.87
13.16
13447
13.78
14.09
14441
1474
15.07
15441
15476

1611
1647
16483
17.21
17459
17.98
18.37
18.78
19.19
19.61

2003
20447
20491
21e4
2248
2243
228
2343
238
2443

2448
2543
2549
26¢ 4
27.0
276
2862
2847
294
3040

TABLE 1B CONTINUED

15
2o~
11.17
11.43
11.69
11.96
12,23
12451
1279
13.08

13.38
13468

13.98
14430
14461
14494
15427
15460
1595
16630
1666
17.02

1739
1777
18415
1845
1849
19.4
19.8
20.2
2046
21.1

215
2240
2245
23.9
23e4
239
244
250
255
260

LATITUDE ¢ (DEG)

30
42y

6454
670
6485
7401
Tel?
Te33
Te49
Te66
Te84
8.01

8el9
837
8456
8¢75
894
9e14
934
9655
9475
9497

1018
1041
10.63
109
11e1
11.3
11e6
11.8
1241
123

12.6
12.8
1362
13.4
13.7
14,0
1443
1446
1449
1562

45
Zy-Zg

024
«24
25
26
26
27
27
28
29
29

«30
31
«31
32
¢33
«33
«34
¢35
36
36

37
«38
39
«40
e40
o4l
042
«43
«44
*45

046
o 47
«48
e 49
50
51
52
53
54
55

60
Z4~2p

-6405
~6e19
~6433
6ol
-6662
-6e¢77
-6e92
~7.08
-Te24
~T7¢40

-7¢56
=773
-7490
-8.08
-8426
-8e44
~8e462
-8481
-9,.01
-9.20

=940

-9e61

-9.81
-~1040
~10e2
-10.5
-10e7
-10.9
-1le2
~1le4

~-11.6
~11.9
‘12.1
=-12¢4
-1247
=129
-13.2
-1345
-13.8
‘14.1

75
Zy =g

-10.63
~10.87
-11.12
-11.38
-11.63
-11.90
-12.17
-12.44
-12.72
-13.00

-13,29
-13.59
-13.89
-14.20
=-l4.51
~14.83
=15.15
-15449
-15.82
-16417

-16.52
-16.88
-17.24
-17.6
-18.0
-18.3
-18.7
-19.1
-1945
-19.9

-20.2
-20e7
-2le1
-21e5
=220
-22e5
-23.0
=236
2441
~24 46

90

-12¢30
-12459
~-12.88
-13e17
-13e47
-13.77
-14409
-14¢40
~14e73
~1505

-15439
-15473
~-16408
~1l6e44
~1680
~1717
-17¢54
~17e93
-18432
-18e72

~-19412
-19e54
-19496
-20e¢4
~20e8
~21e3
~21e7
=222
~23.7
=232

~23e6
-24e2
~24e7
-25e2
-25e7
~-26e3
268
~27e4
~28e0
=286



GEOPO-
TENe

’
HR(km)

2600,
2620,
2640,
2660,
2680«
2700,
2720,
2740,
2760,
2780,

2800,
2820.
2840,
2860,
2880,
2900,
2920.
2940,
2960,
2980.

3000.
3020,
3040,
3060,
3080,
3100,
3120
3140,
3160.
3180,

3200.
3220.
3240,
3260.
3280,
3300,
3320,
3340,
3360
3380,

GEOMET.
ALT

;R(km)

439944
445760
451542
457440
463345
4693,6
475463
481548
487769
494047

500442
506845
513345
5199.2
526567
5332.9
540049
546948
5539.4
560949

568162
575343
582663
5900462
597560
6050.8
612744
620561
6283,7
63632

6443,8
652544
6608e1
6691.8
677647
686246
694947
7037.9
7127.3
721769

38.
39.
39.
40.
41
42
43,
444
45,
464

47
48,
49
50
51,
52
53.
544
55
57

58
59
60.
62
63
64
66
67
69
70

TABLE 1B CONTINUED

15

416

424
43
440
45
460
47«
48
49

50
51e
52
53
55
56
57«
58«
60
6le

LATITUDE ¢ (DEG)
60

30

23

240
240
25
25
26e
26
27
27
28
29

29
30
31.
31.
32.
33.
33.
34.
35
36

45

0 Z
1Y)
6
6
6
b
b
o6
o7
o7
o7

o7
o7
o7
o7
8
8
8
o8

8

9
9
9
9
9
1.0
1.0
1.0

-t
[ ]
[oNe]

bt bk b et ot et b et et
® & @ ¢ o o © o o o

WWMNNNN P

R

Z -7
¢

-140
‘150
‘150
-15.
-160
-16.
=16
-17.
‘170
-170

-180
~18e
-18e.
-19e.
-19.
=20
=20
=20
-21.
°210

-22
‘22.
=23
-230
=244
~24.
“25.
=25
~26
-260

’270
‘280
—28e.
=29
—290
=30
—310
-310
-32.
-33,

R

75

Z -2z
¢
=25
=26
=26
~27.
=27,
-28.
-29.
-29.
~30.
=30.

-31.
-32.
~32.
-33.
=34,
-35.
-35.
-36.
-37.
-38.

-38e.
-39,
~40.
-41.
-42
-43,
-43 4
—44
=45,
=464

-47,
-48,
-49,
-50.
=52
=53,
-54,
-55,
-564
~57e

R
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GEOPO~
TFNe

/
HR(km)

3400,
3420
3440,
3460,
3480
3500
35204
3540,
3560,
3580,

3600.
3620,
3640,
3660C.
3680,
3700,
3720.
3740,
3760,
3780,

3800.
3820.
3840.
3860.
3880.
3900.
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GEOMET.
ALT,.

Z]ﬁkm)

73097
740247
7497.1
759247
768947
778841
7887.8
798849
8091.5
8195.6

830142
840843
8517.0
8627.3
8739.2
8852.9
896842
9085.4
920443
9325.1

944748
957244
9698.9
982746
9958.2
10091,.1

0

Z, -2

¢
T2
73.
75
77
78
80
82
84.
86
88

90.
92,
94,
96
98,
100,
103.
105
107.
110.

113.
115,
118,
121.
124.
127,

R

TABLE 1B CONCLUDED

15

LATITUDE ¢ (DEG)

30

Zy=fy G-t

62.
640
65
66
68e
69
Tl
73
The
76

78
79
8le.
83.
85
87
8G.
91le.
93.
95.

98
100
102«
105
107
110.

36
37.
38
39.
40
41
420
424
43.
44

454
46
474
49.
50.
51
52
53
544
56

57
58e
60
61
63
64

45

60

75

-59.
~60e
~61e
~63.
-64.
-65.
-67
~68
=70
=72

~73.
-75
~T6e
-~78
-80e
-82.
-84,
-86e
—88e
~30.

-92.
~94.
-96.
-98.
-101.
-103.

~106e
-109.
-111.
-114.
-1160
~-119.




ALTITUDE DIFFERENCE, Z¢- Zg (km)

QI1CAI48 - 1704
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GEOPOTENTIAL HR (km)
Figure 1.1A. Geometric altitude differences between geopotential

surfaces at a reference latitude, and the same
geopotential surfaces at each of seven other lati-
tudes, all as a function of geopotential from

0 to 1,000 km/.
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Figure 1.1B. Geometric altitude differences between geopotential
surfaces at a reference latitude, and the same
geopotential surfaces at each of seven other lati-
tudes, all as a function of geopotential from O to
3,900 km/.
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Figure 1.2A. Geometric altitude differences between each of five geopotential

surfaces (from 200 to 1,000 km’) at a reference latitude and the
same five geopotential surfaces at other latitudes, all as a
function of latitude from 0 to 90 degrees.
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Figure 1.2B. Geometric altitude differences between each of seven
geopotential surfaces (from 200 to 1,000 km’) at a reference
latitude and the same seven geopotential surfaces at other
latitudes, all as a function of latitude from O to 90 degrees.
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SECTION V

SPECIFIC DESCRIPTION OF TABLES 2A AND 2B

Tables 2A and 2B are formally arranged to present geometric altitude
differences Zy - Zg (for various latitudes) as a function of the first
argument pair such that the differences Zy - Zgp are related to the inte-
gral values of Zp through the non-integral values of Hg. The concept of
the variation of the values of Z, - Zp as a function of Zp, implicit in
the format of this table, is not very meaningful without some considera-
tion of the intervening relationships. It appears to be more meaningful,
therefore, to consider these tables as the altitude variation of Zy - Zy
of a certain set of equal-geopotential surfaces HR as a function of lati-
tude.

The values of Zy - Zg for each latitude are given successively in
columns 3 through 9 while column 10 of Table 2A contains values of
Zg - Zp corresponding to the set of non-integral values of HR in column
2 of this table. These values of Zg - Zp were obtained in the same way
as those of column 10 of Table 1A. Tables 2A and 2B are intended pri-
marily to provide the altitude adjustment required when atmospheric
models expressed as a function of geometric altitude at 45° latitude are
applied to other latitudes.

Graphical presentations of the data of Tables 2A and 2B are given in
Figures 2.1A, 2.1B, 2.2A, and 2.2B where the significance of the digits
and letters of this series of figure designations are as explained above.
No graphical presentations of Zg - Zp are given. Table 2A as well as
Figures 2.1A and 2.2A are to be published as a part of the U. S. Standard
Atmosphere Supplements, 1966, (Ref. 12).

27




TABLE 2A
GEOMETRIC ALTITUDE DIFFERENCES BETWEEN A SERIES OF GEOPOTENTIAL SURFACES AT
A REFERENCE LATITUDE, AND THE SAME GEOPOTENTIAL SURFACES AT OTHER LATITUDES,
INCLUDING THOSE OF THE US STANDARD ATMOSPHERE, ALL AS A FUNCTION OF THE GEO-
METRIC-ALTITUDE EQUIVALENT OF THE EQUAL-GEOPOTENTIAL SURFACES, O to 1,000 km

GFOMF T, GEOPO~- LATITUDE ¢ (DEG)Y

ALTITUDE TENTIAL 0 15 30 45 60 75

/ - - - - - -
ZR(m) HR(m ) Z¢ZR Z<I> ZR Z¢ZR Z¢ ZR Z¢ ZR Z¢ ZR
Oe 060 0e0 0e0 OeQ Qe0 0«0 060
250 24949 Oe7 Oeb Oe3 Oe0 -0e3 -0eb6
500 4999 le3 le2 Ne7 0«0 —0e6 -1le1
750 74949 240 1.8 le0 0«0 ~-140 -147
100C., 99948 2e7 2e¢3 led 0«0 ~1e3 -2e2
1250 12497 ek 29 le7 Oel ~leb -2.8
1500. 149906 400 305 2el Qel ‘1-9 ‘304
1750 17495 4o 4ael 2e¢4 Oel ~2e2 -3.9
2000, 199943 5e¢4 GeT 267 Cel —-25 -4e5
225C. 224962 6l 53 301 Oel =29 ~540
2500, 249940 6e7 58 XY Osl -3e2 =546
2750, 27488 Tt 5¢4 348 Oel -3e5 -6l
3000, 29985 8e1 Te0 4el Oe2 ~3.8 -6e
3250 32483 8e7 Teb6 4e5 02 ~4el ~T7e3
3500 349840 Gl 8e2 48 Q2 =44 -7.8
275C 27477 10,1 8.8 S5el Ce2 -448 -8e4
4C00 3997 ¢4 10.8 Qs 55 Oe2 =51 ~849
4250, 42471 11.4 969 548 Oe2 -5e4 -9%9.5
4500, 4496 48 12,1 105 6e2 Oe?2 547 -10.1
47504 474664 12.8 11e1l 65 0.2 ~6e0 ~10e6
5000 499660 1345 117 69 Oe3 -6l ~11a.2
5250 524566 14,1 123 Te2 Oe3 ~6e7 -11.7
5500 549562 1448 12.9 Te5 Qe3 ~T7e0 =12.3
5750 S5T4448 1545 135 Te9 Oe3 -Te3 ~1249
6000 5994673 1642 1440 B8e2 0e3 -T7«6 =-13e4
6250 624348 1648 14«6 3.6 Oe3 ~T7e9 =14.0
6500 64933 1745 1562 Be9 Oe3 -B8+3 =-1445
6750 67428 1842 158 9.3 Oe3 -8e6 -15.1
7000, 659923 1849 16¢4 9e6 Oe4 -89 ~1567
7250 72417 1945 170 100 Oe4 ~Ge2 =162
7500 749161 2042 176 103 Oet -9e5 -16.8
7750 774065 2049 1841 10.6 Oe& -G.9 -17.4
8000, 798969 - 2146 187 11.0 Oe4 ~10e2 =-17.9
8250 8239.3 2242 193 11.3 Oel =105 ~-18.5
8500 848846 2249 19.9 11.7 Ced =10.8 -19.0
8750, 873279 2346 205 120 Oe4 ~-11le1 ~19.6
9000 8987.2 2443 2le1 12.4 Oe5 -11e5 -20e2
9250, 92365 2449 21le7 127 Oe5 -11.8 -20e7
G500 5948548 2546 223 13.1 Oe5 -12.1 =21e3
97650 973560 2643 22.8 13.4 Oe5 -12e4 ~-21.8
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GFEOMET .
ALTITUDE

ZR(m)

10000,
10250,
10500.
10750
11000
11500,

12000
12500
13000,
13500
14000
14500

15000
15500
16000 .
16500
17000
175000
18000,
18500
19C00
19500

20000,
20500
21000.
?2150N.
22000
22500
23000.
23500
24000
24500

25000,
25500
26000 .
26500
27000,
27500
28000
28500
29000
29500,

GEOPO-
TENTIAL

HR(m’)

99842
102334
1048246
10731.8
109809
1147942

1197763
124754
129734
1347163
139692
144670

1496446
1546242
1595948
164572
1695446
1745149
1794961
1844643
1894343
1944043

199372
2043401
2093048
2142745
21924.1
2242066
22917.0
2341344
23909.7
2440549

2490240
253981
2589440
2638949
2688548
2738145
278772
2837267
2886843
2936367

0

=g
2740
2747
2843
29,0
29,7
31,0

3244
33.8
35.1
3645
37.8
39.2

4045
4169
4343
LN )
4640
4763
4847
50,1
5le4
5248

5441
5545
5649
5842
5946
6140
6243
637
65.1
66e4

6748
6942
7065
71.9
7363
74.7
7640
T7.4
7848
80.1

TABLE 2A CONTINUED

15

Z ¢—ZR
23e¢4
2440
2466
252
2548
270

28,1
293
3065
3le7
32.8
3460

352
364
376
38e7
3969
41e1
42e3
4345
L4467
458

4740
4862
49 4
5066
51.8
5340
5461
553
565
577

589
601
6le3
625
6366
648
660
672
68e4
696

Z

LATITUDE ¢

30

6 ~ZR

13.7
1461
144
1448
1561
15.8

1645
17,2
179
18+.6
1943
200

207
21e3
2240
2267
23e4
2461
2448
255
2662
269

2746
283
2940
2947
30e4
311
31.8
3245
33.1
33.8

3445
3542
35,9
3606
37.3
3840
3847
39¢4
401
4048

Z -

45

OO OO O0CO
e & o o o o
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(DEG)

60

Z¢-ZR
-1247
-13.1
~13e4
—13.7
-1440
-1447

~153
-1549
~-16+6
=-17.2
~17.9
-1845

-~19.1
~19.8
=20e4
-21e1
=21.7
-2243
-23.0
=2346
—-24e3
—-2449

=2546
~26e2
—-268
—~27e5
-28,1
-~28.8
294
~30.1
~30e7
~31le4

-32.0
-32.7
=333
-33.9
=3446
-35.2
=-35.9
-3645
=37e2
~3748

75

o “R
~22e4
-2340
-2345
—2441
—2447
-25,.8

—-2649
-2840
~29¢2
—3003
-3le&
-32.5

_33.7
-34.8
-3549
-37.1
-38.2
-3943
-40e5
-4146
-4247
-4369

-4540
-46el
-4763
-48e4
-4945
=-50e7
‘51.8
‘52.9
~-54,1
-5562

-5643
=575
-58.6
=597
’6009
-62.0
-63e2
—-64e3
-65.4
~6646

90

6 “R
-2640
—-26e6
=273
‘27.9
—-28e6
-2949

=312
=325
~33.8
-35.1
—36e4
~37e7

-39.0
-“0.3
~4]1e6
-42e9
4462
—4545
~46 49
-4802
—49 45
=508

-5201
'5304
=547
=560
-57e3
-5847
=600
~61e3
-62 46
~63 9

-65.2
~66e6
-679
-6902
-70e5
~71e8
=731
=745
=758
‘77.1
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TABLE 2A CONTINUED

GFOMET. GECPO- LATITUDE ¢ (DEG)
ALTITUDE TENTIAL 0 15 30 45 60 75 90
'4 - - - - - - -
7R(m) HR(m ) Z¢ ZR Z¢ ZR Z¢ ZR Z¢ ZR Z¢ ZR Z¢ ZR Z¢ ZR
30000s 2985960 81l.5 708 4145 le5 -38.5 -67e7 =784
205006 3035443 829 7240 4262 le5 -39.1 -68¢9 ~797
31000« 308495 84,43 732 429 le6 -39.8 =700 -8l.1
315C0e 3134446 8546 Thets 4346 16 =404 -71.1 -82e4
32000e 3183947 8740 7546 4443 le6 -41a61 -72¢3 -8347
33000es 3282945 89.8 7840 4547 l1e7 -42 o4 -T446 -86e4
34000e 33819e.1 9245 803 4761 17 437 -76.9 -89.0
35000« 3480843 9543 8247 48e5 1«8 ~4540 ~-79.1 -91e7
36000. 3579702 98.0 8501 4949 108 ~46e3 "‘8104 "'91403
37000. 3678548 100.8 8745 51e3 1e9 ~47e6 ~-8347 =970
38000s 37774e1 10345 89.9 5267 le9 -48.9 -8640 -9946
39000. 3876261 1063 923 54e2 20 ~50e2 ~88e3 ~102.3
40000« 3974948 10941 9447 556 20 -5145 =506 =10449
41000e 407372 111.8 971 570 2el -5248 ~92.9 =107.6
47000e 4172443 11446 9945 58e4 2el -5441 -9542 -11043
430006 4271160 117.4 10149 5948 202 ~-55e4 =975 ~=11249
44000e 4369765 12061 10443 6le2 2e2 ~567 -99.8 =11546
45000e 4468366 122,.,9 1068 626 243 ~58¢0 -102.1 ~-118.3
46C000s 456695 125.7 10962 640 2e3 =593 -104e4 -12049
47000. 4665540 12845 111e6 654 2el 6066 =—106e7 -123.6
4BONGe 4764042 131.3 114.0 6649 2e4 —62¢0 =109.0 =-126.3
490N00. 4862501 134,0 1164 6843 25 ~63e3 -111e3 =-129.0
50000e 496097 13648 11848 697 25 —64e6 -11347 -131e6
51000« 5059440 139.,6 12162 71e1 2e6 ~65e9 ~116e0 -134e3
52000e 5157840 14244 12347 725 206 -67¢2 =118e3 =137.0
53000e 5256147 145,42 1261 1440 27 —-68¢5 =12046 -139.7
54000 5354561 148,40 12845 T5e4 2e7 —69¢8 ~122.9 -14244
55000s 5452842 150.8 130.9 7168 28 =~71e2 =12542 =145.0
56000« 5551049 15346 13344 7842 29 —T72e¢5 =12T766 =147.7
5700Ce 5649344 15644 13548 797 29 ~73e8 -129¢9 —150e4
58000e 5747545 15942 13842 8le1 30 =751 =132.2 -153.1
59000Ce 5845Te4 16240 14047 825 3.0 ~76e4 =-134¢5 ~—15548
60C0Ce 5942849 16448 l43.1 83.9 3el ~77e8 =136e9 -15845
61000s 60420e2 16746 14545 8544 3.1 =79e¢1 =13962 =161e2
62000e 6140161 17044 14840 868 362 -80e¢4 =-141le5 -163.9
63000e 6238147 173.2 1504 882 3e2 ~8le7 =143¢9 -166e6
64C00e 6336240 17640 152.8 89e7 3e3 -83e1 -146e2 =-169.3
65000 6434240 178.8 1553 91.1 33 ~84e4 —148e5 =172.0
66000e 653217 181.6 1577 9245 3e4 =85e7 -150e9 ~-174.7
67000e 663011 184 .4 1602 93.9 3e4 ~87e1 =153e2 -17744
68000s 6728042 18743 16246 954 3¢5 ~-88e4 =15545 ~-180.1
69000s 6825940 190,1 1651 9648 3e5 -89+7 ~=15749 =-182.9
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GFOMET.
ALTITUDRE

ZRhn’

70000.
71000
72000
72000.
74000,
75000,
76C0C.
7700C.
78000,
79000,

80000
81000,
82000,
R3000.
84000
85000
86000
87000
88000.
89000

90000,
520C00.
94000
3600Ce
98000

100000,
102000
104000,
106000
108000,
110000.
112000
114000
116000,
118000,

120000,
125000,
130000,
135000.
140000,
145000,
150000,
155000
160000,
165000

GEOPO-~
TENTIAL

HR(m/)
692375
7021547
71193 .6
7217162
7314864
7412564
7510240
760784
T7054 45
7803042

7900547
799808
809557
8193042
8290444
8387844
8485240
8582543
867984
B7771e1

887435
0068Te4
9263042
945717
965121

984512
100389.1
10232549
1042614
10619547
10812848
11006048
1119915
113921.1
11584945

11777646
12258943
12739446
13219246
136983.1
14176662
14654240
15131065
15607146
1608255

0

¢ R
192.9
19547
19846
201e4
20442
20740
20949
21247
21546
21844

22162
2241
22649
22948
23246
23545
23843
24162
244.0
24649

245948
25545
26142
26740
27267

27845
28443
290.0
295.8
30146
307.4
313.2
31940
32448
33047

33645
351.1
36548
38045
39543
410.1
425.0
43949
45449
469.9

TABLE 2A CONTINUED

LATITUDE ¢ (DEG)

30

Q’ ZR
983
99.7

101.1

10246

10440

10545

1069

10844

109.8

111.2

112.7
11441
115.6
1170
11845
119.9
121.4
1229
1242
12548

12742
130.1
133.1
13640
138.9

141.8
14448
1477
15067
1936
15646
15945
16245
1655
16844

1714
17849
1863
19348
201.3
20849
21645
22441
2317
2393

z

45
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* o
(S IS

68
Tel
Te3
Teb
7«9
8e2
Be5
8e7

60

Z -z
¢ R
~91.0
-92¢4
-93.7
-9540
~96e4
-97e7
-99.1
-100+4
-101e7
-103.1

~104 .4
-105.8
~107.1
-108.5
“10908
-111e1
~11245
~113.8
-115.2
~1165

-117.9
~12046
-123.3
-126.0
~12847

-131.4
-13442
~-136.9
-139.6
~14243
‘145.1
-147.8
-150e6
~-153.3
-156.1

—-158.8
-165e7
-1726
-17%6
-18646
-193.5
-200e6
-20746
-21446
-221e7

75

Z¢ ZR
—16002
—16206
“16409
-16703
-16906
—~1720
-17403
‘17607
-17900
~181le4

-183.8
-18601
_18805
—19009
‘19302
—19506
~19840
~200.3
‘20207
-205.1

-20704
~212e2
—-217.0
“22107
—-22645

-23103
-236.1
-240.9
-24547
-25005
—-255.3
-26001
=26540
-26908
—-2T7446

“27905
~29146
-303.8
-31640
-32843
-34006
-352.9
’36503
=377e7
-390.2

90

ra
¢ R
~185.6
-188.3
-191.0
-193.7
-196+4
~199.2
-201.9
-204 ¢6
-207 o4
-210.1

~21248
~21546
-218.3
-22140
-22348
—-22645
-229e3
=23240
-234 48
~237 5

-240e3
-24548
~25143
-25648
—-262e3

-26749
2734
-279.0
~28445
-290.1
-295e7
-301e3
~306.8
-31245
-318.1

-323.7
-337.7
-351.9
-366¢0
-380e2
~394 4
-40847
~-423,1
~43745
-451.9
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GFOME T,
ALTITUDE

Z (km)
R

170
175,
180
185,
190,
195,

290
205
210
215
220
225
23C.
235,
240
245

250
255
260
265
270
275
280
285
290,
29%.

300.
310.
320
330
340.
350,
360
370
380
390,

400
410
420
430
4404
450
460
470,
480
490

32

GFOPO-
TENTIAL

H_ (m’)
R

16557240
1703113
175043 ¢4
179768.7
18448548
18919642

1938994
19859544
20328443
20796641
21264067
21730842
22196867
22662241
23126844
2359077

24053949
24516542
24978345
25439448
258999%9.1
26359645
26818740
27277065
27734742
2819217.0

2864799
29558542
30466382
31371440
3227379
3317348
3407049
349648.4
32856543
3674558

37632040
38515840
3939699
4027557
411515.8
42025001
42895849
4376420
44629948
45493243

0

2 -2

¢ R
48449
5001
51542
52064
5/0507
5610

57643
59147
60742
62267
63842
65348
66945
68541
700.9
71667

73245
74844
T64e3
78043
79643
81244
82845
84447
860.,9
87742

89345
92643
95943
99245
1025.9
10594
1093,2
1127.1
1161.32
119546

1230.1
126449
1299.8
1334,9
137042
140547
144144
147762
151343
154946

TABLE 2A CONTINUED

15

zZ -2
¢ R
4211
43443
447 o 4
460656
4739
4872

5005
5139
5273
54068
5543
5678
581le4
59540
60847
6224

6361
6500
66348
677e6
6G1e6
7055
7195
73346
7477
7618

7760
80444
83361
86149
89049
92040
9@9.3
97848
100845
103842

10682
1098¢4
112847
11592
1189.9
122067
125167
128248
131442
134567

LATITUDE ¢
30 45

Z -7 Z
$ R ¢ R

24740 9e0
25447 Fe3
262 4 9e6
2702 249
2779 102
28567 10«4
29346 107
30144 110
30943 113
31742 1ll1e6
325.1 11.9
333,.0 1261
341.0 125
34940 127
35740 13«0
36540 133
373«1 13e6
38142 1349
38943 142
397 o4 1445
40546 1448
4138 151
42260 15¢4
43042 1567
43845 160
446 8 163
455,61 166
4718 172
48846 178
5055 184
5225 19.1
53946 197
5567 203
57440 209
59164 21 e6
6089 222
626e4 2248
644461 235
6619 2462
67948 2448
6978 255
715.8 26e1
73440 268
75243 27 ¢4
7706 28e1l
789.1 2848

(DEG)
60

Y

o R
-22849
-23640
-243.1
-25043
-25745
-26447

—-271.9
=279.2
-28645
-293.8
-301.1
-308.5
-315.9
-323.3
-330e7
-338.1

-34546
-353,.1
—-360e6
-368.2
~375e7
—-383.3
—-390.9
~-39845
~40642
-413-8

~421e5
-437e0
-452 46
-46842
-483 49
-49947
-51547
~53146
-547e7
~56440

-580e2
=59646
-613.0
‘629.6
—-646e2
-66300
-6797
—696e7
-713e7
=730.8

75

Z¢ ZR
"402 07
41542
-‘627 .8
—44004
-453,.1
-465.8

4785
-491e3
'504.2
-517.0
-529.9
~54249
-55508
—568.9
“58109
‘59500

-60802
-621.3
-63446
-647e8
-66101
-6T74¢5
-68749
-701.2
_71407
~728.2

-T74167
~76869
—79643
-82308
~851e5
~87943
~9073
“935.5
-963.8
-99243

‘102009
-1049.7
~-1078.6
-110708
~1137.0
~1166e4
-1196.0
-1225.8
-125547
~1285.7

S0

L -2

¢ R
-466 4
~480.9
-49545
-510.61
-52447
=539,5

-55442
-5690
-583.9
-598e7
-613.7
—-62847
-643e7
-65848
-67349
-689e1

=7043
-71945
-73449
-75042
-76546
-78le1
~-79646
-812.1
-827.7
-843.3

-85940
-890e5
-92242
-95441
-986e1
-1018.3
-1050.8
-1083.4
-1116.1
-1149.1

~118243
-1215.6
-1249.1
-1282.9
=131647
-1350.8
-1385.0
-1419.5
=~1454,1
-1488.9
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GEOMET
ALTITUDE

7t )

500
510
520
530
540
550
560
570
£80.
590

600
610
620
63Ce
640
650
660
670
680
690

700
710
720
730
740
750
760
770
780
790

800,
820
840,
860
880
900
920
940.
960
980

1000

GEOPO-
TENTIAL

HR( m/)
46353946
472121.8
4806791
48921146
49771942
50620243
51466048
52309540
531504e7
53989043

5482518
55658943
5649028
57319246
58145846
5897011
5979201
60611547
61428840
62243740

63056340
6386661
64674642
6548034
66283840
67085040
67883945
68680645
69475143
7026738

71057441
72630847
74195549
7575164
77299048
78838040
8036845
818905.2
83404247
8490976

86407067

0

Y
158641
162247
1659 4 6
169647
173349
177143
1809.0
184648
1884 .8
1923.0

1961.4
200041
2038.8
207748
211740
215643
219549
223547
22757
2315,.8

235642
239667
243745
247804
251945
256048
26024
264440
268549
272860

277043
285545
294143
202841
311546
320349
329249
2382,.7
347343
356467

365647

TABLE 2A CONCLUDED

15

% ZR
13774
140942
144142
147364
150547
1538.2
157049
160347
163647
1669.9

17033
17368
177065
180443
183844
187245
190649
1941e4
1976.1
20110

204640
2081.2
211646
215241
218748
222367
2259.8
229640
233243
236849

240546
247946
255441
26294
270544
27820
2859.3
2937.3
301549
30953

317542

LATITUDE ¢ (DEG)
30 45 60 75
z¢ ZR Z¢ZR Z¢ZR Z¢2R
8077 295 ~T74769 —-1316.0
82643 30.1 —765¢2 —-1346e¢4
84561 30e8 —782e6 —137649
8640 31e5 =800e0 -14076
882.9 3202 —81706 —1438.5
902¢0 32¢9 =83542 —14€69.5
921.1 33e6 =853e0 -1500e7
9404 34¢3 ~870e8 -1532.0
959,.,7 3540 =888+7 -15634¢5
979.2 25¢7 ~-906e7 =1595.2
99847 3604 ~924e8 —16270
1018e4 3762 -94269 —1658.9
1038.1 378 -961e3 -1691.1
105840 38e6 =979e6 —1723e4
107749 393 -99840 -1755.8
10979 40e0 ~1016+6 -178845
1118.1 408 -1035e2 —1821e3
11383 4165 =105440 —-185442
115847 4203 =10728 -188743
1179.1 4340 ~1091e7 -192046
11997 43e¢7 =1110e7 -195440
122043 4465 =1129e8 —-1987.5
124141 4543 =114849 -2021.2
1261.8 460 ~116862 —205542
128248 465e8 =1187e6 —-2089a2
1303.8 47T e6 =12070 =-2123 ¢4
132560 4864 ~122605 =215767
134662 49e]l =124602 =219243
13675 4949 =1265e9 —222740
138849 S0e7 =12856e7 —2261e8
141064 5let =1305e7 =229649
1453,.8 53e0 =134567 —2367¢3
149745 54e6 =1386e2 —-2438.5
154106 5602 -142700 -251002
158641 578 ~146862 —-258246
1631.1 595 =1509e7 —265546
1676e3 6lel =1551e6 -272943
172241 62¢8 =1593,8 =-2803.6
1768.1 64e5 ~1636e5 —-287846
181l4e¢7 6602 ~1679%e4 —=-295441
186145 678 =1722¢8 =3030e4

90

L -2

¢ R
—152309
~-1559.2
-159445
-1630.1
~1665.8
~1701 7
=-1737.8
-1774 .1
-1810.6
-184743

-188401
-1921.1
-1958.4
-1995.7
-203343
-2071.1
-2109.1
-214702
-218545
-2224 40

=2262.7
-2301 .6
=234046
-2379.9
~241943
=2458 9
-2498 +6
-253847
257848
261942

-2659e7
27413
-2823.7
=-2906+7
‘299006
=3075.1
-3160.5
-3246 4
=3333.3
=342047

=3509+0

33

2 -2
5

1642
1741
1840
190
2040
2140
2241
2342
2443
2545

267
280
293
306
3240
33e4
348
363
378
39e4

4140

R



TABLE 2B

GEOMETRIC ALTITUDE DIFFERENCES BETWEEN A SERIES OF GEOPOTENTIAL SURFACES AT
A REFERENCE IATITUDE, AND THE SAME GEOPOTENTIAL SURFACES AT OTHER LATITUDES,
ALL AS A FUNCTION OF THE GEOMETRIC-ALTITUDE EQUIV-
ALENT OF THE EQUAL GEOPOTENTIAL SURFACES, 1,000 to 10,000 km

GEOMET » GEOPO~- LATITUDE ¢ (DEG)
ALTe TENTIAL 0 15 30 45 60 75 90

ZR( km) HR(km’) Zd)-ZR Z¢_ZR Z¢—ZR Z¢-ZR Z‘D-Z'R Z¢—ZR L¢ ZR
1000. 86‘0.07 3066 3.]8 1.86 007 ‘1.72 “3.03 -3051
1020 878496 3675 3426 191 «07 ~1e77 -3.11 -3.+60
1040, 893.77 3484 3e34 le96 e 07 ~-1.81 -3.18 ~3e69
1060. 908451 3494 3e42 200 «07 ~-1.86 -3e26 -3478
1080, 923616 4403 3650 2605 e 07 =190 -3e¢34 —387
1100. 93773 4e13 3459 2410 «08 -1.95 -3e442 -3e96
1120, 962423 423 3467 2015 «08 -1.99 ~3450 =405
1140, 966465 4632 375 2420 «08 -2.04 -3.58 415
1150, 980499 4642 .84 26425 «08 -2.08 -3466 424
1180, 985425 4e52 3693 230 «08 -2.13 -3e¢75 -4e34
1200« 100944 4462 4001 2035 « 09 ~2.18 ~3.83 ~4e43
1220. 1023456 HheT2 4e10 240 « 09 2422 -3.91 —4e53
12406 10374560 482 4419 245 «09 -2427 -3499 —4e63
1260 1051457 4493 4428 251 « 09 -2432 ~-4.08 —4e72
1280e 1065646 5603 437 2656 09 -2437 -4416 —4e82
1300. 1079.28 513 Lelb 2461 «10 —-2e42 ~4425 —4e92
1320 1093.03 524 4455 2e67 «10 ~-2e47 ~4e34 -5¢02
13400 1106071 5-34 heb 4 2.72 010 —2.52 —40‘02 “5012
1360. 1120431 545 473 2677 10 —-2e57 -4e51 —5e22
1380s 1133485 556 4e82 2483 10 -2e62 4460 ~5e33
1400s 1147432 566 4492 2.88 «10 =267 “4 469 -5e¢43
14206 1160471 SeT7 501 294 e11 ~-2e¢72 4478 -5¢53
1440 1174404 588 5011 299 o11 -2e¢77 ~4487 -5e64
1460e 1187430 599 520 3405 o1l1 ~282 ~4496 -5e74
1480e¢ 1200450 6610 530 310 o11 -2487 ~-5405 ~5485
15006 1213462 6621 539 3e16 «12 -2e92 ~5e¢14 ~5e95
1520e 1226468 633 5649 3.22 «12 ~-2498 =524 —-6e06
15400 1239.67 6.4‘0 5059 3028 .12 ‘3.03 ‘5.33 ‘6017
1560e 1252460 655 569 3433 «12 -3.08 =542 —~628
1580. 1265046 6067 579 3-39 012 -3014 "5052 "6.39
16000 1278026 6-78 5089 3045 013 -3019 ‘5061 —6050
1620s 1290499 6490 5499 3451 o13 -3e25 5671 =661
1640+ 1303466 7602 609 3¢57 e1l3 -3e30 -5.81 —6e72
1660. 1316027 Tel3 6619 3.63 el13 -3436 ~5490 —683
1680 1328.81 Te25 630 3e69 e13 -3441 =600 -6¢95
1700¢ 1341430 737 640 375 el4 =347 -6e¢10 -7e06
1720 13853,.,71 Tet9 6450 3.81 «14 ~3452 ~-6420 ~7418
1740e 1366407 Teb1 6e61 3487 ol4 ~3458 ~6¢30 ~T729
1760 1378437 Te73 6e71 394 ol4 -3.64 -6¢40 —Te4l
1780« 1390661 Te86 682 4400 el5 -3.70 -6e50 —Te52

34



GEOMFET o
ALT

ZR(km

1800,
1820.
1840,
1860,
1880,
1900.
1920.
1940,
1960
1980.

2000,
2020,
2040,
2060,
2080.
2100,
2120,
2140,
2160,
2180,

2200,
2220,
2240,
2260,
2780,
2200,
2320.
2340,
2360.
2380,

2400,
2420,
2440,
2460
2480,
2500
2520
2540,
2560
2580,

2600,
2620,
2640,
2660
2680

GEOPO-
TENTIAL

’
H g/ )

1402.78
1414490
1426496
1438496
145C490
1462.78
14744.61
1486438
1498,.,09
1509.75

1521435
1532489
1544438
1555482
1567420
1578452
1589,.80
1601.02
1612419
1623430

1634437
1645438
1656434
1667425
1678.11
1688.92
16995.68
1710439
1721405
1731.66

1742422
1752474
1763.21
1773463
1784.,00
1794432
1804.60
1814484
1825.03
1835417

1845,.26
1855.31
1865432
1875.28
1885420

7498
8010
823
8.35
.48
8.61
874
886
8499
9612

9425
9.139
9452
9.65
9479
9.92
10.06
1C.19
1C+33
1047

10461
10475
10489
11.C3
11.17
11.21
11e46
114560
1175
11.89

12.04
12.19
1233
12.48
12.63
12.78
12.93
13.09
13624
13439

13.55
13.70
13.86
14402
14017

TABLE 2B CONTINUED

LATITUDE ¢ (DEG)

30

& 2R
4406
4el12
4e19
425
4631
4e38
4e44
4e51
4e58
4eb4

4e71
4078
4084
4491
4498
505
512
519
526
533

5e40
547
554
561
5468
5475
5483
590
597
605

6el2
620
6627
6e35
643
€e50
658
666
6e73
681

689
697
7405
Te13
Te21

45

15
15
15
15
e16
o 16
16
el6
17
«17

«17
17
«18
18
18
«18
19
«1G
19
19

«20
20
20
20
21
21
21
21
22
022

022
23
23
«23
«23
24
24
24
25
25

25
25
26
26
26

60

Z¢_ZR
~3e75
-3.81
~3.87
-3.93
-3.99
-4405
-4e11
~-4el7
-4423
_1&029

4435
-“Le4l
-4 448
~4454
-4 60
-4 467
-4473
—4.79
-4 486
-4 492

-4499
~5¢05
~5.12
-5.18
-5.25
~-532
~5439
-5e45
=552
-5¢59

5466
-5.73
"5.80
=587
~5.94
-6.01
~6408
=615
-6.22
~6¢29

-6.37
=6e44
=6451
-6458
=6466

75

2y ~ZR
6460
-6470
5481
-6491
-7.01
7412
‘7.22
~7433
~Telits
-7.54

=765
-Te76
~787
~7498
-8.09
-8420
-8.31
~-8.43
~8e%4
~-8465

-8e77
-8.88
=-9.00
-9.11
-9.23
~54¢35
-Ge47
"9.59
-9.71
-G483

-9495
~-10.07
-10.19
-10.31
-10.44
~10e56
~10.68
-10.81
-10.93
-11.06

-11.19
-11.32
-1le44
-11e57
-11.70

90
‘o™
~Teb4
~-T7e76
—-7488
—800
-8e12
-8e24
-Re36
—-8e49
-8061
-8e73

-8 426
~8e99
-9611
~Qe24
-937
-950
~9e63
~9e76
-9489
-10e02

~10e15
-10e28
~-10e42
-10e55
~10e69
-10482
-10e96
-11.10
-11le24
-1138

-11.51
-11le66
~11.80
=-11e94
-12.08
-12e22
-1237
=-12e51
~12+66
-12481

-12495
~-13.10
~-13425
-13e40
-13455

35



GEOMET.
AL Te

ZRfkm)

2700,
2720,
2740
2760
2780,

2800,
2820,
2840,
2860
2880,
2900,
2920.
2940.
2960
2980

3000,
3020
3040
3060
3080,
3100.
3120.
3140.
3160,
3180,

3200.
3220.
3240
3260.
3280.
3300
3320,
3340,
33604
3380,

3400
3420,
3440
3460,
3480,
3500
3520
3540,
3560,
3580,

36

GEOPO~-
TENTIAL

H 1)
R(km

1895,08
1904491
1914470
1924644
1934.14

1943.80
1953442
1963.,00
1972453
1982.02
1991.48
2000.89
2010426
2019.59
2028488

2038413
2047434
205651
206565
2074674
2083480
2092.81
2101.79
211074
2119464

2128451
2137434
2146413
2154489
2163461
2172.29
2180494
2189455
2198.13
2206467

2215.18
2223465
2232.N9
2240449
2248486
2257420
2265450
2273677
2282400
2290420

0

Zo~Z R
14433
1449
14465
14481
1497

15.13
15430
154456
15.63
15479
1596
1612
16429
16646
16663

16.80
1697
17.14
1731
17449
17466
17.84
18,01
18.19
18436

18e54
18472
18.90
19.08
19.26
19+ 44
19.63
19.81
19,99
20418

20436
20455
2074
20.93
21e11
21.30
21449
21«69
21.88
22.07
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Z 42y
12¢44
12.58
1272
12.86
13400

13.14
13.28
13642
13.56
13671
13.85
14400
14014
14429
l4e44

14458
1473
14.88
1503
1518
15433
15448
15464
15,79
1594

1610
16425
1641
1656
1672
16.88
1704
1720
1736
17452

17.68
17.84
18400
18416
18433
1849
18466
18482
1899
19415

LATITUDE ¢
30 45
Zo7lr LR
729 027
737 27
Te45 27
7453 27
Te61 «28
7«70 «28
778 «28
786 29
795 «29
8403 29
Be1l1 «30
8420 «30
8.28 ¢« 30
8e37 e 30
8e4b e31
8e54 «31
8463 e31
8e72 «32
880 «32
8489 32
Be98 ¢33
9.07 «33
9s16 ¢33
925 e 34
9¢34 e 34
9¢43 034
9652 ¢35
9¢61 ¢35
9470 ¢35
9479 e 36
988 * 36
9498 ¢ 36
1007 «37
10616 e 37
10.26 ¢ 37
10635 38
10.45 »38
1054 «38
10e64 39
1073 «39
10.83 «39
10493 «40
11,02 «40
1112 o 40
11.22 o4l

{DEG)
60

z2 -2

¢ “R
-6473
~6.81
-64+88
~6496
-7.03

-7.11
~7.18
~Te26
~7«34
-Te42
-7.49
-7e57
~7e65
-T7e¢73
-7.81

=789
-797
-8405
-8.13
-8421
-8.29
-8.37
-8e46
-8454
-8e62

~8470
-8.79
-8.87
-8.96
-9.04
-9413
-9.21
-9+30
-9.38
-Fe47

~9¢56
-%.64
-9.73
-9.82
~9.91
-9.99
~10.08
-10417
-10426
-10435

-11.83
-11.96
-12.10
-12.23
-12.36

-12449
-12.63
-12.76
-12.90
-13.03
-13.17
-13.31
-13445
-13.,58
-13.72

~13.86
-144.00
-l4e14
-14429
-14443
=-14657
-14.,71
~l4486
-15.00
-15.15

-15429
-15444
-15.59
~15e74
-15.89
-16403
“16.18
-16e¢34
-16.49
~-16+64

-16479
~1694
-17.10
-17.25
~1T7e41

=756
~17.72
~17.87
-18.03
-18.19




TABLE 2B CONTINUED

GEOMET » GEOPO- LATITUDE ¢ (DEG)
ALTe TENTIAL 0 15 30 45 60 75 90
7/ - - - - - - -
ZR(km) HR(hn) Z¢ZR Z¢ZR Z¢ ZR Z¢ZR Z¢ ZR Z¢ZR Z¢ZR
36000 229804 220 190 11. i —10. "180 ‘210
3620, 230645 22 19. 11. o b -11le -19. -21.
3640, 231446 23 20 12. o4 ~11l. -19. =22
3660, 232247 23 20 12. o4 -11e. -19. ~22.
36800 2330.7 23. 200 12. ol -11. -190 -220
3700, 233847 23 20 12 oh -11le. -19. -22.
3720, 234647 23 20 12. o4 -11. ~19, =22
37“00 235406 24. 210 120 04 -110 ‘19. ‘230
3760 236246 240 21. 12. o4 -11. =20 =23
37800 2370-4 240 21. 120 ol -11' —20. —230
3800 2378.3 24 . 21e 12 o4 -11. =20 =23
38200 238601 240 21- 120 5 —11. ‘20. =23
38“00 239309 25 e 21, 13. e5 -120 —200 —24.
38600 240107 ?5. 22. 130 5 "120 "200 ~24 o
3880. 2&09.4 25. 22- 13. 05 “120 “210 —240
3900, 24171 25 22 13. «5 -12. =21, =24
392720, 242447 25 . 22 13. 5 ~12. =21 =24
3940. 243204 26- 22. 13- 05 —120 —210 -240
3960. 2440-0 26. 220 130 *5 ~12 -210 =25
3980. 2447-6 26 23. 130 5 -120 -210 —25-
4000 245541 26 23, 13. 5 ~-12. =22 =25
4020, 246246 27 23. 13. 5 ~12 -=22. =25
40400 2470-1 27. 230 14e 5 -13. ‘220 -250
Aoéoo 2477.6 27 23. 14, 5 -13. ~22 —-26e
40800 2485.0 270 24. 14 05 -130 -220 -260
4100. 2492.4 27« 24 o 140 05 —13. ‘23. ~26e
4120, 2499.8 28 24 14 5 -13. =23 —-26e
4140, 25072 28, 244 14. *5 -13. -23. =26
4160. 251405 280 24 . 140 5 -13- —230 ‘27-
4180. 252108 28. 240 140 05 —13. ‘23. ‘27-
4200. 252900 28. 25. 140 5 —130 ‘23. 27
42200 253603 29. 250 150 5 —130 —240 —270
4240. 254305 29. 250 150 05 -140 -240 -28.
42604 25507 29 25 15 5 =14 =24 —28e
42800 255708 ?9. 25. 150 05 ‘14. -24. —280
43000 256500 30- 26. 15. «5 -140 _?.4' "280
4320, 257261 30. 26 15 5 -14. ~24. ~-28.
43Q00 2579-1 30. 260 150 b -140 -250 ‘290
4360, 258642 30 26 15. o6 -1l4. =25, —29.
4380, 259342 30 26 15. b ~l4. -25e. 2%
44004 260062 31 276 l6e o6 ~14. =25 —2Y9e
4420, 260742 31. 27 16 o6 -l4. —25. -29.
QQQOQ 2614.1 31. 27 16. o6 ~15. ~26 =30
44604 262160 3]l. 27 16 Y «15e 26 —-20e
4480, 26279 32 27 16 o6 ~-15. =26, =30,
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GEOMET e
ALT.

Z (km)
R

4500
4520,
4540,
4560,
4580,

4600,
4620
4640,
4660
468G,
4700,
4720,
4740,
4760
4780

4800,
4820
4840,
4860,
4880,
4900.
4920,
4940,
4960,
4980

5000
5050,
5100,
5150
5200,
5250
5300,
5350,
5400
5450,

5500,
5550
5600.
5650
5700,
5750
5800
5850
5900,
5950
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GEOPO-
TENTIAL

H ( km/)
R

2634.8
264166
264845
265543
266240

266848
267545
26822
268849
269545
2702.1
270867
271543
27219
27284

273449
27414
27478
275443
276067
276741
27734
27798
27861
27924

279847
281443
2829.7
2845.1
286042
287543
289062
2905.0
2919.7
293443

294847
2963.0
29772
2991.3
300542
3019.1
3032.8
30464
3059.9
307343

o
32
32
32.

32
33.

33,
33.
33
34
34 .
34.
34
35
35
35

35
36
36
36
36 .
37
37
37
37
38

38
38.
39,
40,
40,
41.
42,
42
43,
44 o

44 .
45«
46 o
46 .
47
48,
48,
49 .
50
50

R

TABLE 2B CONTINUED

15

Z¢—Z
28
28
28
28
28

29
29
29
29
29
30
30
30
30
30

31le
31
31
31
31.
32
32
32
32
33

33.
33
34
34
35.
36
36
37
37
38

38.
39.
40
40
41
41
42
43,
43,
440

R

z

LATITUDE ¢
30 45
o ZR ;b-z
16e Y
16 b
16 )
16 b
17, b
176 b
17« o6
17 o6
17 b
17 6
17 o6
17 b
18 b
18, Y
18 b
18, o7
18. o7
18 o7
18 o7
184 o7
19 o7
19 «7
19, o7
19. o7
19 o7
19. o7
19. o7
20 o7
20 o7
20 o7
21 8
2le 8
21 8
22 8
22 8
22 «8.
23 «8
23e «8
23« 9
240 9
24 e «9
25 «9
25 9
25 9
26 9

(DEG)
60

Zy=Zg
-15.
-15,
-15,
-15.
-15.

-15.
-1l6.
~-16e
“16-
-16¢
-16.
-160
~16.
-16.
~-16.

-17.
-17.
"17.
-17.
-17.
-17e
-17.
~-17.
"170
~18e

~18.
~18.
-18e
-19.
~-19.
-19.
-19.
"200
“200
~20

-21.
=21.
=21
—22'
=22
=22,
-23.
-23.
_230
-24,

-290
—=29.
—29-
’300
=30,
=30
=30
=30,
-31.
"31.

"31.
=32
=32
"330
=33,
"34.
~34,
=35,
—35'
“360

-36.
=37,
-37.
‘380
-39,
—390
=40,
~40.
-410
-41,

"31.
'_320
=32
—32.
-32.
-32
~33.
-33.
-33.
—33.

~34.
"34.
_34.
~34.
-35.
-35.
-35.
—35.
-35.
~36e

—36.
=37
—37
—38,
’38.
-39,
=40
=40
""010
41

‘42.
—43.
—43.
~44
~45,
—45.
"46 o
"47 L)
~47.
~48.




TABLE 2B CONTINUED

GEOMFT . GFOPO~ LATITUDE ¢ (DEG)

ALTe TENTIAL 0 15 30 45 60 75 90
4 - -7 - - - -7 -

ZR(km) HR(km ) Zd)ZR Z¢ ZR Z¢ ZR Zd) ZR Z¢ ZR Z¢ZR Z¢ Z
6000. 308606 51e 44 . 26 9 =24 ~42e ‘490
6050, 3099.8 52 45 26 o0 ~24. =43, —49.
6100 3112.9 53 46 27 «0 =25 ~43, -5C.
6150 3125.8 53 46 . 27 «Q -250 ~44 4 —510
6?000 3138.7 540 470 27. OO ‘250 -44. —510
6250 3151.5 55 48 28 «0 ~26 e 45, ~52e
6300. 316461 56 e 48 28 0 -26e —46. =53,
63500 3176.7 560 49. 29. .O -260 "46. ‘_530
6400. 3189.2 57« 500 29 P! "27. -47 =54
64500 320105 58 50 29 e ol =27 —47 ~55
6500, 3213.8 59 51 30 ol =27 ~48. -56e
65500 3?2600 59, 520 30 ol -280 —49, ~56.
6600. 3238.1 60 e 52. 310 .1 -280 "49. _570
6650 325060 6le 53 31 o1 ~28e =500 -58s
6700 326169 62 544 31 o1 ~29e =51 =59
6750 32737 63 e 54 32 o2 ~29e =51 =59
6800. 3?8505 630 550 320 02 "30. -520 —6Ce
6850, 329761 64 o 56 33 o2 -30. -53, -6l
6900, 330846 65 . 56 33 o2 =320 ~53. -62e
6950, 33201 66 o 57 33 o2 ~-31. =54, ~6Z
7000, 3331.4 67 58e 34 o2 -31. =55 ~63.
70500 334247 67 58 34 o2 ~31e -55 —64e
7100, 3353.9 68e 59 35 3 -32. -56. 65
71‘)0. 3365.0 69 e 600 35. «3 "320 ‘57. “65.
72000 337601 700 610 350 03 '33. -57- -66e
72500 338740 71 61 36 3 -33, -58. —67e
7300. 339709 T2 62 36 3 -33. -59. —-68e
7350 340847 T2 63 37 «3 ~-34. -59, -6Y9e
74000 34190‘& T3 64 37 ok ~344 =60, —69.
7450. 3430.1 T4 o 640 38. X '350 -61. ~70e
7500, 344046 75 65 38 b -35. =61, -71.
7550. 3451a1 760 66 38 o4 -35. =62 "72.
7600, 346145 77 67 39. o4 =36 -63, —73.
76500 3471-8 78 67. 390 s -36. -63. -73.
7700, 34821 79 68 40 o4 -37. ~64e =T4
77500 34923 79« 69. 40 5 "370 -65. ~75e
7800. 3502-14 800 700 41. 05 ‘37. -660 "’76.
7850 351245 81e 70 41 5 -38. —66. ~T7e
7900. 352244 82 T1le 42 5 ~38. =67 —78e
79504 353243 83, T2 42 5 -39, -68. "‘79¢
8000, 354262 84 o T3 43 5 -39, ~69, -79
8050, 35519 85 . T4 43 b =40 ~69e —80.
8100 356146 86 T4 43, Y =40 =70 —-81le
8150, 35713 87 75 440 o5 ~40. =71 -82.
82000 3580.8 88, T6e 44 o b —41. =72 —83.
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TABLE 2B CONCLUDED

GFOMET » GEOPO- LATITUDE ¢ (DEG)

ALLTe TENTIAL 0 15 30 45 60 75 90
V4 - - - - - - -

ZR(km) HR(km) Z¢ZR Z¢ZR Z¢ZR Zd)ZR Z¢ ZR Z‘1> ZR Z¢ z
8?500 359003 89 77 45 ¢ b =41 "72- -84 .
8300 3599.8 90. 78 454 o6 -42, ~713. -85
8350 3609.2 90. 78 46 ¢ o7 =42 ~T4e -85
8400, 361845 91 79 46« o7 =43, =75 ~86 e
8450 36277 92 B80e 47 o7 =43, =75 ~87.
8‘)000 3636.9 93. 8le 47 o o7 =43, -760 "880
8550 364640 94 . 82 48 o o7 ~44. =77 -89
8600, 36551 95 . 83 48 8 =44, ~-78. =90
8650 366461 96 . 84 494 8 =45, ~-79. -91e.
87000 367300 97. 840 49 8 =45, "79. "920
8750 368149 98 85 50 8 ~45 . -80. -93.
8800 3690.7 99 . 86 50 8 =46 . -81. -94.
885Ce 36995 100 87 51e 8 =47 —82e ~95e
8900. 370802 101. 880 510 09 -470 ‘83. -960
8950, 3716.9 102 8Fe 52 9 =48, -83. -97.
9000 37255 103, S0 52 9 ~48. -84, =97,
9050 373440 104 90 53 9 -49. -85 -98.
9100 37425 105, 91 53 9 =49, ~86 =99
9150 37509 106 92 544 0 ~4G. ~-87e ~100e
9?000 375943 107. 93, 54 e o0 -50. ‘880 '1010
92500 3767.6 108- Q4 e 55- Oo —500 -880 -102.
9300 37759 109, 95, 55 0 -51. -89, -103.
9350 378441 111 96« 56 e =51, -90. ~-104.
9400, 3792.3 112 97 57 e ol -52. -91. =105
9450, 3800e4 113 98 57 ol ~-52. =92 ~106e
39500 380844 114 9G. 58 o1 -53. ~-93, -1070
9550 3816e4 115, 100. 58 ol ~-53. -94, -108e
96()0. 382404 1160 100. 59. ol -54. -940 ‘1090
9650 38323 117 101. 5G o o2 =-54. -95,. -110.
9700. 384062 118 102. 60 o2 =55, -6 ~111.
9750 38480 119. 103, 60 o2 -55. -97. ~112.
9800 385547 120 104« 6le 2 =56 -G98. -113.
9850 386345 121, 105, 6le 2 =56 -99, -114.
9900, 38711 122, 106 62 «3 -57. -100. -115.
9950 3878.7 123, 107 63 3 =57, -101. ~116.
10000 388643 125 108. 63 3 -58. -101. -117.
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Figure 2.1A. Geometric altitude differences between geopotential

surfaces at a reference latitude, and the same
geopotential surfaces at each of seven other latitudes
all as a function of the geometric-altitude equiva-
lents of the equal-geopotential surfaces, 0 to

1,000 km.
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Figure 2.1B.

GEOMETRIC ALTITUDE Zg (km)

Geometric altitude differences between geopotential
surfaces at a reference latitude, and the same
geopotential surface at each of seven other latitudes,
all as a function of the geometric-altitude equiva-
lents of the equal-geopotential surfaces, 0 to

10,000 km.




4 —— _
.
3 | A s/ p—
OOO
? < 4@
Q \eo
&
-— /b pu—
E 2 {;t
= 6004,
- m
N :q
> 1 [— 20 km ]
N
w ZR =200 km
o
z
w o r— p—
o
w
w
w
o Ll ]
w
a
D
=
-
dJ -2 — —]
L ¢
-3 — —
-4 — —
s | | l
0 15 30 45 60 75 90
'LATITUDE ¢ (degrees)
Figure 2.2A. Geometric altitude differences between each of five geo-

potential surfaces, expressed in equivalent geometric
altitudes (200 to 1,000 km) at a reference latitude, and

the same five surfaces at other latitudes, all as a function
of latitude from 0 to 90 degrees.
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SECTION VI

SPECIFIC DESCRIPTION OF TABLES 3A AND 3B

Tables 3A and 3B present geopotential differences Hy, - H, as a
function of the first argument pair (columns 1 and 2) for each of seven
latitudes (columns 3 through 9). The addition of these differences to
the appropriate reference values Hyp which appear as the second column
of the argument pair leads to the same kind of information as that pre-
sented in slightly different geopotential units in Table 50 of the
Smithsonian Meteorological Tables (Ref. 8). These data may also be
considered as the variation of geopotential of equal geometric altitude
surfaces as a function of latitude.

Values of Hg - HR are given in column 10 of Table 3A with no similar
listing in Table 3B. Values of Hg determined from Equations (5) and (6)
closely approximate the corresponding values of Standard Atmosphere
geopotentials as a function Z prior to the latter set being rounded for
tabulation purposes. No values of geopotential are given in the Standard
Atmosphere for altitudes above 700 km and consequently no values of
Hg - Hp are given in Table 3B for these altitudes.

Figures 3.1A, 3.1B, 3.2A, and 3.2B provide graphical representations
of the data of Tables 3A and 3B. Again, the figure notation follows the
pattern explained above for Figures 1.1A, etc. and no values of Hg - Hy
are given in any of the figures.
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GEOPOTENTIAL DIFFERENCES BETWEEN A SERIES OF GEOMETRIC ALTITUDE SURFACES AT A

TABLE 3A

REFERENCE LATITUDE AND THE SAME GEOMETRIC-ALTITUDE SURFACES AT OTHER LATITUDES,
INCLUDING THOSE IN THE US STANDARD ATMOSPHERE,

GEOMET .
ALTITUDE

7Rﬂﬂ)

Oe
250
500
750
1000,
1250
1500,
1750
2000
2250

2500
2750
3000,
3250
3500
3750
4000
4250
4500
4750,

5000
6250
5500
5750
6000
6250,
6500
6750
7000
7250

75000
7750,
8000,
8250
8500
8750
9000
9250.
9500
9750.

46

ALL AS A FUNCTION OF GEOMETRIC ALTITUDE O to 1,000 km

GEOPO-
TENTIAL

7
HRnn )
0.0
24969
4999
74969
999.8
124947
1499.6
174945
199943
224962

249940
274848
299845
324843
349840
37477
3997 ¢4
42471
449648
47464

499640
524546
549542
574448
599443
624348
649343
67428
699243
72417

749161
T740e5
79899
8239.3
848846
87379
8987.2
923645
948548
973540

0

H¢ HR
-0e0
~0e7
-1e3
=240
-2.7
3.4
—400
-447
-5 i
-600

‘6.7
~Teb
-840
~-8.7
-9e4
_1001
~-1047
~-11l.4
‘1201
1247

"13.‘0
-14,.1
-14.7
-15.‘4
-1é6é.1
-1608
-1764
-18.1
-18.8
-19.4

-20.1
‘20.8
-2145
‘2201
‘22.8
-2345
2441
-2408
-2545
—2601

15

H¢ HR
—-0e0
=0eb6
-1le2
~le7
—2e3
—2e9
~3e5
~4el
-4e7
-5e2

-5.8
-6els
-740
~T7e6
~-8e2
-8e7
~9e3
-9.9
-10e5
‘1101

~11e6
=122
-12.8
=134
~14e0
-l4e6
-1501
-15.7
~-1643
-169

=175
-18.1
-1846
~19.2
-1908
~-20e4
=210
—-21e6
=221
22«7

LATITUDE ¢
30 45
H¢ HR H<I> HR
—0.0 —00
-003 —.O
=07 —e0
-1.0 -00
-le4 -e0
=17 -l
=21 -l
=24 -1
=27 -el
-3.1 —ol
=344 -el
-3.8 -l
~4.1 —e2
-4 4 -'2
"4.8 ’02
=51 -e2
-505 -.2
—5.8 —e2
—6e2 -2
-605 _.2
-6.8 ~-e2
~Te2 ~-e3
=745 —e3
—-79 -3
-8.2 -3
—805 -.3
-8.9 -e3
-9.2 -3
-9.6 ~e3
-9.9 -—oly
=103 —-ol
-1046 -o4
=109 -l
~11e3 -l
‘1]06 -ol
-1240 -4
=173 -l
—1207 -.5
-13.0 -5
-13.3 -e5

(DEG)

60
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-0
-0
-0
-0
-0



TABLE 3A CONTINUED

GEOMET. GEOPO~ LATITUDE ¢ (DEG)
ALTITUDE TENTIAL 0 15 30 45 60 75 90
Zgim) H g(m?) H o -Hp  Hy™Hyg HyHr Hy=Hp H -Hp  H -H HyHR  HgH
10000. 9984.2 “26.8 "2303 "13-7 --S 1207 22.‘0 2509 -.O
10250e 102334 -2745 ~23e9 ~-14.0 -5 1340 23.0 266 ~e0
105000 1048206 —7_807 -2405 —1404 -5 1303 2345 2762 -0
10750es 1073148 -28.8 =250 -14.7 —-e5 1347 241 279 -0
11000e 1098049 -2945 -25e6 -1%40 -e6 1440 2446 2845 -e0
11500« 1147962 -30.8 -26e8 -1547 —eh 1446 2548 29«8 ~e0
12000s 119773 =322 ~-28e0 -16e4 —eb 1543 269 311 —o()
12500¢ 124754 -3345 —-29e1 -17.1 -eh 15.9 2860 32e4 —eN
13000, 12973 ¢4 -34,49 -30e3 -17.8 —e7 1645 29.1 3347 -ef
13500, 1347143 -3642 -31e5 -18.5 -7 1742 3042 350 -
14000e 1396942 -37.6 —-32e6 -19.2 -7 17.8 2let 363 -0
14500 1446740 -38.9 -33e48 -19.8 ~e7 18e4 3245 37e6 -0
15000 1496446 -4042 -35.0 -20e5 ~e8 19¢1 3346 2849 -e0
1550Ne 1546242 -41.6 -36el -21e2 -8 1947 3447 4062 —e0)
16000, 1595948 —-42,.,9 -37e3 —21.9 —eB 2072 3548 415 -0
1650Ne 164572 —4443 -38e5 =226 —-eR 21.0 37.0 4268 -0
17000, 1695446 45,6 ~39e6 -23.3 -9 2146 38,1 G4l —eD
17500e 1745149 =-4649 -40e8 -23e9 -9 2243 3942 45 64 —e0
18000, 179491 ~4843 -42e¢0 =246 -9 2249 4063 467 -
18500e 1B44643 —-40G 46 -43a1 -25e3 -9 2345 4L1lels 4840 —-e0
19000 1894343 ~5140 4443 —26e0 =140 242 4266 49e3 ~e0
19500s 1944043 -5243 -45e¢5 —-26e7 =10 2448 4347 506 -e0
200NN, 1993742 -53,7 -46e6 —27e4 -1len 254 4o 519 —o0
2050%. 2043441 -55,0 ~-47e8 -28e¢1 ~—1le0 261 4549 5342 —e0
2100Ce 20930.8 -5643 -4940 =28e¢7 ~1lal 267 4740 54¢5 -0
21500« 2142745 -577 =501 —29+¢4 -1lel 273 4842 558 ~eD
22000e 2192461 -59,0 -51e3 —30e1 ~1lsl 2840 4943 571 —e0
22500e 2242046 -60e4 -5245 —30e8 ~—1lel 2846 50e4 58 et —e0
23000. 229170 -61e7 ~5346 =31e5 -1l 253 51le5 597 -0
?73500e 2341344 -63,.1 =548 ~32e2 =12 2949 5247 610 -0
240006 239097 6444 -560 -32e9 -=1s2 305 5348 623 —e0
2450Ne 2440549 6547 -57e1 =335 =1le? 31.2 5449 6346 -0
250007« 2490240 -6761 -58e3 ~34e2 -1le3 31.8 5640 6449 —eQ
25500+ 25398.1 6844 ~5945 —~34e9 =143 32e4 571 662 -0
26000e 2589440 -69.8 ~60e6 -35e6 -le3 33.1 5863 675 —e0
26500 2638949 -71.1 -61e8 ~36e3 -1le3 3347 594 6848 -e0
27000. 2688548 ~7245 ~63e0 =37¢0 =1le4 3443 605 7001 —e0
275004 2738145 -73,.8 64l =376 =-le4 3540 61le.6 Tle4 -0
28000s 2787762 ~7562 -65¢3 =383 -le4 3546 627 727 -e0
285004 28372.7 ~T76¢5 -66e5 -39.0 ~le4 363 6349 T440 -0
29000, 2886843 ~77.8 ~6Teb —-3%e7 =~-1e5 3649 650 753 ~e0
29500. 293637 -79,2 -6848 —40e4 ~1e5 37.5 66e1 766 -0

47




GFOMET
ALTITUDE

ZR(m)

30NNN.
INHNN,
31000,
31500
32000
33000

34000
35000
3600N,
37000,
380NN,
39000

40000
41000,
42000
43000,
44000,
45000,
46000
4700C.
48000,
4900C,

50000,
51000
52000
53000
54000
55000
56000
5700C.
58000,
59000,

60000,
61000,
62000
63000,
64000C.
65000
66000,
67000,
68000,
69000.

48

GEOPO-
TENTIAL

HR(m')

2985940
3035443
308495
3134446
3183947
3282945

33819.1
3480843
3579742
367858
3777461
387621

3974948
407372
4172443
427110
436975
4468346
4566945
4665540
4764042
486251

4960947
5059440
5157840
525617
535451
5452842
5551049
5649344
574755
58457 ¢4

5943849
6042002
614011
623817
633620
6434240
653217
6630141
672802
68259.0

0

HeHR
-80e5
-81.9
-83.2
"84.6
-85.9
—88 06

=-91.3
~-94,0
—96.7
~-99.3
-102.0
-104.7

“107.4
-110.1
"112 08
-115.5
-118.2
-120.,9
-123.6
-126.2
-128.9
-131.6

-134,.3
-137.0
-139.7
=142 44
~-145.1
-147.8
-150.5
-153.2
-155.9
~158.6

-161.2
-163.9
-166-6
-16943
-172.0
-174.7
"'177.4
~180,1
~-182.8
-185.5

TABLE 3A CONTINUED

15
H¢—HR

-7040
-71.1
-7243
-73.5
~T4eb
-77.0

~79e3
-81le6
-840
-8643
~884¢6
~91.0

-933

-95e7

-98.0
"100.3
-102.7
~10540
-107.3
-10947
-1120
-114e4

~116e7
-119.0
-121.4
-123.7
-126.1
-12844
-130.7
-133.1
-135.4
-137.8

-140.1
~l42¢4
~144.8
-147.1
~14945
~151.8
~154.1
-15645
-158.8
-16142

LATITUDE ¢
30 45
Hy-Hr  HMo™Mr
~41lel =1le5
~41e8 =145
—42e84 -1leb
=-43.1 -1le6
=438 -1le6
=452 —=le7
~46e6 =1e7
-4749 ~1e8
~49¢3 -1le8
-50e7 =19
—52«0 =19
=-53¢4 ~2e0
-5408 ’200
~56e2 =21
=575 =21
~58e9 =2e2
—60e3 =242
-61e7 -2e3
—63.0 =243
-64e4 ‘204
~65e8 =24
-6Te]l =245
-68e5 =245
=69.9 =26
=71e3 =2e6
~T2¢6 =247
=740 =2e7
~T5e4 ~248
~T76e8 =248
=T8¢l =-249
-79.5 _2.9
-80e9 =340
~82e2 =3.0
~83+6 =31
~85e0 =31
~86e4 =342
~87e7 =342
-89e1 =343
~90e5 =343
~91e9 =34
-93e2 =3e4
~94¢6 =345

{DEG)

H

60

oMR
3842
38.8
3944
4061
4047
4240

433
4445
45.8
471
4844
45946

5049
5242
5345
54.7
5640
573
5846
5G.8
61l.1
6244

637
6449
662
675
68.8
700
7163
726
739
751

T6e4
777
7940
80+3
8l.5
82.8
84,1
85e¢4
86.6
87.9

75

o R

672
6844
69.5
7046
71la7
7440

76e2
785
807
82.9
8542
87+

897
91.9
9442
964
98.7
100.9
103.2
10544
107.7
109.9

112.1
114.4
11646
118.9
121.1
123.4
12546
127.9
130.1
132.4

13446
13649
139.1
14le4
14346
1459
14841
1504
15246
15469

779
7942
805
81.8
83.1
8547

8843
909
9345
96.1
98 «7
101.3

103.9
1065
109.1
111.7
114.3
1169
11945
1221
12447
12743

129.9
132.5
135,1
137.7
14003
1429
14546
148.2
150.8
15344

1560
15846
16142
163.8
16644
169.0
171.6
174.2
17648
17944

-0
-0
-e0
—e0
-e0
-0

-
-e0
—e0
-0
-0
-0

-0
-0
-0
-0
-0
)
-0
-0
~el
-el

-el
-l
—el
—el
-.l
-el
-l
-l
-el
-l

-l
-el
-el
-el
=l
-el
—el
-el
-el
-l



GFOMET
ALTITUDE

ZR(m)

70000,
71000,
72000,
730004
74000
750004
76000
77000,
78000,
79000

80000
81000,
82000
83000
84000,
850004
R60NN
87000
880OND0«
839000

90000
92000,
94000,
96000,
980NN,

100000,
102000
104000,
106000,
108000,
110000,
112000
114000
116000,
118000

120000
125000,
130000
136000,
140000
145000
150000,
155000.
160000,
165000,

GEQPO-
TENTIAL

7)
k!ém

6923765
702157
7119346
721712
731484
741254
751020
760784
7705445
7803062

7900547
79980.8
8095547
819302
8290444
8387844
84852.0
858253
867984
877711

887435
906874
926302
9457167
965121

984512
1003891
10232549
10426144
10619547
10812848
11006048
1119915
1139211
11584945

1177766
12258943
12739446
13219246
136983.1
14176642
14654240
15131045
15607146
16082545

0

Ho -Hg

-188.2
~190,9
-193.,6
-196.3
-199,0
"20107
‘204.4
-207.1
-209.8
"212.5

-21542
-217.9
—-22046
-223.3
=22640
~-22847
-231e4
-234.1
-23648
=-239.5

-24262
-24706
-253.0
-25804
~263.8

‘269.2
-274.6
-28000
-28544
-29008
_29602
~-30146
-307.0
-31244
-31748

-323.2
~336.8
-350.3
-363.8
—377.4
-390.9
=404 44
‘418.0
-43145
445,41

TABLE 3A CONTINUED

15

HoHg

-163e5
-165.8
-16842
~170e5
-172e9
-175e2
~177e6
-179.9
~182.2
-18446

~186e9
-189.3
-191e6
~1G440
~-196e3
-198.7
-201e0
-203.3
=205 7
~208.0

-210e4
—-215.1
=219.8
-22405
~229e1

—-233e8
-238e5
~243e2
—2479
-25246
-257¢3
~26240
~266e7
-271e4
~276e1

~-28048
~2G2e6
~304e3
-316e1
—327-8
-33946
-351e4
-363e1
~37449
-386e7

LATITUDE ¢
30 45
H¢-HR

‘9600 -3e5
—9704 -306
~98e7 ~3e6
-10001 -3e7
=101e5 =347
-102.9 —3.8
-104+2 -3.8
-105e6 —349
-107.0 -39
—108.4 -4 e()
-109.8 —4 40
=11141 -4l
—1125 ~4al
-113e9 —Le?
-11503 ’[‘02
-116+6 -4 473
—11800 —LbQB
-119.4 Lol
-120.8 -4e4
12241 -445
‘12305 '—4.5
~126e3 -—lheb
~129.0 —4e7
-121e8 48
—1344¢5 -449
=137e3 =540
~140e1 =541
-142e8 =542
~145+.6 -543
~14843 -5e4
-151.1 =545
-153.8 -5.6
-156e6 =547
_15904 “508
-162e1 -5e9
-164.9 =60
~17148 =63
—17807 -6e¢5
‘18506 -68
-=192e5%5 =-T7e0
‘1990“ -703
-206+3 —T7e5
=213e2 =748
-220e1 -8Bl
-22700 -803

Hoe=H R Ho-Hg

(DEG)

60

89e2
905
9le7
9340
9443
G546
9649
981
994
1007

102.0
103.2
10445
1C05.8
1071
1084
10946
11049
1122
113.5

114.8
1173
119.9
12244
12540

1276
13001
132.7
13542
137.8
1404
14249
14545
148.1
15046

15362
15946
16640
17244
178.8
18542
19147
1981
2045
21049

75

Fi¢—H R

157.1
1594
1616
163.9
16641
1684
17046
172.9
175.1
1774

17946
181.9
18441
186+4
188.7
190.9
19342
1954
19747
199.9

20242
20647
211l.2
21547
220.2

22447
22942
23347
238.2
24248
2473
251.8
25643
26048
26543

26949
281.1
29245
30347
3151
32643
3377
349.0
3603
3716

H

90

d)—
18240
184 .6
18743
18%.9
19245
195414
197.7
2003
202.9
20545

2081
2107
1343
2160
21846
221.2
22348
22644
22940
231e6

23442
23945
24407
249.9
255.1

260e¢4
26546
2708
27640
28143
28645
291.7
29649
30262
307 ¢4

31246
32547
33848
351.9
36540
3781
391.2
40463
4174
43065

H o—H

S
—el
~-el
-el

R

-el
-ol

-l
—el
—el

-2
—e2
-2
—e2
-2
—e2
~e2

—.2
-2

—e2
~e2
—e2

-e3

-3
—e3
~e Z
-3
~e3
—e3
-3
a4
~eol
—e4

-4
—ek
-e5
~e5
—eb
~eb
—e7
—e7
-—e8
—e9

49



GEOMF T
ALTITUDE

7 (km)
R

1704
175
180
185.
190
195,

200
2?05
210
215
220
225
230
235,
24N
245

250
255
260
265
270
275
28N
285
290
7295,

300
310
320,
330
340
350
360
370
380,
390

400
410
420
430
440
450,
460
47N
480
490

50

GEOPO-
TENTIAL

H (m?)
R

16557240
1703113
175043 ¢4
17976842
18448548
18919642

193899 «4
19859544
20328443
2079661
2126407
21730842
22196847
2266221
2312684
2359077

24053949
24516542
24978365
254394 48
258999.1
2635965
26818740
27277045
2773472
28191740

28647949
29558542
30466342
31371440
3227379
331734.8
340704.9
3496484
3585653
3674558

37632040
38515840
3939699
4027557
4115158
42025041
42895849
4376420
446299.8
45493243

0

*% HR
-45846
~-47242
~48548
-499.4
-512.9
-52645

-540.1
-553.7
‘567.3
-580.9
‘594.5
-608.0
-621e7
~63542
-64849
66245

~67640
-689e7
-703.3
=71649
-730465
-T44,1
-757e7
=771e4
-78540
-79847

-81243
~83945
~866.8
~894.1
-921.4
~94847
~97640
-1003.3
-1030.6
~1057.9

-1085,.,2
-1112.6
‘1139.9
~116742
-1194,5
~1221.9
-1249.2
-127645
-1303.9
“1331.2

TABLE 3A CONTINUED

15

H =H
¢ R
-398.5
-410e3
~42240
-43349
—44546
-45T7 ¢4

4692
-481e0
-4G2e8
~504 6
-516e¢4
~5283
—5‘40.1
-55149
5637
-575e5

~-58743
-59942
-611.0
~62248
63447
~646e5
-658."}
-670e2
~682¢0
69349

~T7057
~-729%e4
-753.1
77648
-800e5
-82442
—84769
-871e6
-895e4
-919.1

-942.8

-966e6

-99043
-1014.0
-1037.8
-106145
-108543
-1109.0
-1132.8
~1156e6

LATITUDE ¢ (DEG)

30 45
Hcb HR H¢ H
=233+.9 -85
~240e9 -8.8
~247«8 ~9el
‘25407 —903
=261le6 —946
=268¢6 ~-9.8
'27505 -1001
—282e4 =10e3
~289¢3 ~10e6
~296¢3 =108
‘303-2 -1101
=310e2 =113
=317«1 =1le6
=324e0 —11e8
-331.0 =121
~337e¢9 =12e4
~344e8 =126
-351e8 =129
—-358¢7 =131
-365-7 —13.4
=372e6 =136
=-379.6 =139
—386e5 =14el
—39305 -1404
~400e4 —1l4e6
~407e4 =149
=-414e¢3 =151
~428e¢2 =157
4421 =160l
’45601 -16e7
—47000 ‘1702

—48349 =1T7e7
4978 =182
=511e8 =18e7
~525¢7 =192
—53946 =197

=553e5 =202
-567e¢5 =20e7
~58le4 =213
-59543 =21e7
-609e¢3 =2243
-623e¢3 =2248
-637¢2 =233
—-651¢l =2348
—665-1 -2403
—679e0 =248

R

60

H -H

[ R
2174
223.8
23042
2367
2431
2495

25640
2624
26849
2753
281e7
28842
29446
301.1
3075
3139

3204
32649
333.3
339.8
34642
35247
35942
36546
37261
37845

38540
39745
41048
42348
43647
44946
46246
47545
4884
501e4

Sl4e4
5273
54062
55342
56662
5791
59240
60540
61840
63049

75

H, -H

¢ R
38249
39443
40546
41649
42842
43946

4509
46243
47346
48449
4963
507«7
519.0
5304
541e7
5531

564e4
57548
58742
59845
6099
6213
63247
64440
655¢4
66648

6782
7009
7237
74645
76943
79240
814.9
83747
860e¢4
88343

9061
928.9
95147
9745
99743
1020.1
1043.0
106543
108846
11114

90
H -H H -H
¢ R S
44347 -9
4568 -1.0
4699 -lel
48340 -1lel
45662 ~=le2
50943 =1e3
5224 -le4
5356 ~1e5
5487 —1e5
56148 —1e6
57560 =1e7
58842 —=1e8
601e3 =~1e9
61465 =240
62766 =242
64048 —2e3
6539 -2e¢4
6671 —2e¢5
6803 —-2e6
69345 —-28
7065 =249
719.8 -3.0
73340 ~3e2
74661 ~3e3
75943 —3e5
7725 -3eb6
7857 =348
81241 -4
83845 -4e4
86449 -4 08
89142 ~-5e2
917e6 =546
944,11 =640
9705 ~6e4
9969 —6e9
102343 ~T7e3
1049.8 ~T78
1076e2 =843
11026 -B8e9
1129¢1 =94
1155¢5 =1040
11819 ~1046
12083 =11e2
1234.8 ‘11-9
1261.2 ‘12.5

12877 =132



GEOME T,
ALTITHDE

km
7R( )

500
510
520
530
540,
550
560
570
580
590

600a
610
6206
630
640
650
660
670
680
690

700
7106
720
730
T404
75N
760
770
780
790

800
820,
840,
860
880.
900.
92C.
940,
960.
980

1000,

GEOPO-
TENTIAL

HR(m’)

46353946
472121.8
4806791
48921146
4977192
50620243
51466048
5230950
53150447
5398903

54825148
5565893
56450248
57319246
58145846
5897011
5979201
6061157
61428840
62243740

630563.0
6386661
64674642
65480344
66283840
67085060
67883945
68680645
69475143
70267348

71057441
72630847
74195549
757516 ¢4
772950.8
78838060
80368445
81890542
83404247
8490976

8640707

0

H¢ HR
135846
-1385.9
-1413.2
=-1440,46
-1467.9
-1495.2
=152246
-1549.9
-1577a2
-160445

-1631.9
-1659,42
_168605
-1713.8
=1741.1
-1768.4
‘179507
-182340
-185043
—-1877.6

-1904.8
-1932,.1
-1959,.4
~198646
-2013.9
-204141
-206844
~2095.6
-2122.8
-215040

-217742
—-223146
~228549
-234042
‘239Q04
-244807
—-2502.8
-255740
-261140
~-266541

=-2719.0

TABLE 3A CONCLUDED

15
H -H
¢ R

’118003
~120440
~1227e8
~-1251e6
~-127563
-1299.0
-132248
~134665
-1370e2
-1394.0

-1417.8
-144145
-1465e2
~148849
~1512e7
-1536e4
~1560.1
~-1583.8
-1607e5
-1631e2

-165449
~1678e6
~170243
-17260
=-174946
-1773e3
-1797.0
~1820e6
-184443
~1867e9

~1891e5
-1938.8
-1985.9
-2033e2
-2080e3
~2127¢4
~2174e4
=2221e5
~-2268e¢4
-2315e4

-2362432

LATITUDE ¢
30 45

H -H H -

¢ R ¢ H
-69300 —2503
~706e9 ~2548

~720e9 =264
~T734e8 =269
~T48e7 =273
-T62e7 =279
~776e6 ~28e4
-790e6 =2849
~804e5 =294
~81lBel4 ~2949
-832e4 =30e4
~B846e3 ~30e9
—860e2 ~31e4
-87462 ~3149
-888e1 =3245
=902e0 =3249
~915%5e9 =3345
~9294a9 =3440
-~343 48 =3445
~957e7 -35%540
-971e6 =3545
-985e6 =360
-999¢5 =365
-1013e¢3 =370
~1027e2 =3765
-1041e2 -38.1
-1055«1 ~3846
-1068e9 -3Ga1
=1082e8 =39,6
-1096e7 =401
~1110e5 =40e6
~1138e3 =-41e6
~1166e0 =426
~1193e7 ~4346
=1221e84 =446
~1249e1 =45.7
=1276e6 =46e5
=1304e3 =477
-1331e8 -48.7
~135% ¢4 =497
=1386e9 ~50e7

R

(DEG)
60

H, -H

¢ R
6439
65649
66948
68248
69547
70867
7216
73446
7476
7605

T73e4
7864
7994
81243
82542
83862
8511
86440
B76e9
88949

G028
91568
9287
9416
95445
9674
9803
99342
100661
1019.0

103240
105747
108345
11092
1134.9
116046
118643
1211.9
123746
126342

128848

75

H -H
¢ R
11343
1157.1
1179.9
120247
1225.6
12484
1271s2
129440
131649
133947

136245
138543
1408.1
143069
145347
147665
149943
1522.1
154448
15677

159044
161342
1635.9
165867
1681e5
17042
172649
174947
177244
1795.1

1817.9
1863.2
190846
1953.9
1999.3
204445
2089.8
213449
2180.1
222542

227043

30
H -H H —H
¢ R S
13146l ~1349
134046 =-1l4e6
136740 ~15e4
1393e% -1642
14199 =-17.0
144664 —1748
147248 ~1847
1499e2 -19e5
152547 =20e4
1552¢1 =21e4
157865 =223
16049 =-2343
1631e4 —24e3
165708 -25-3
1684ed =26e4
171007 ‘2705
17371 =28406
1763e4 ~2967
178908 “3009
18162 =3241
18426 —33e3
186940
189543
19218
194841
1974-4
200048
20271
205365
20798
2106.1
215847
221143
226348
2316453
23687
24212
24735
252548
25781
26303

51



TABLE 3B

GEOPOTENTIAL DIFFERENCES BETWEEN A SERIES OF GEOMETRIC-ALTITUDE SURFACES AT A
REFERENCE LATITUDE AND THE SAME GEOMETRIC-ALTITUDE SURFACES AT OTHER LATITUDES,
ALL AS A FUNCTION OF GEOMETRIC ALTITUDE, 1,000 to 10,000 km

GEOMET »
ALTe.

Zp (km)

1000.
1020.
1040,
1060.
1080.
1100.
1120,
1140
1160,
1180

1200.
1220,
1240.
1260
1280.
1300.
1320,
1340,
1360,
1380.

1400.
1420,
1440.
1460,
1480,
1500.
1520.
1540,
1560,
1580,

1600,
1620,
1640,
1660,
1680,
1700.
1720,
1740.
1760
1780

52

GEOPO-
TEN.

’
Hp ( km/)

864,07
878.96
893.77
908451
923416
937473
952423
96665
980499
995425

1009.44
1023456
1037.60
1051457
1065.46
1079.28
1093.03
1106471
1120.31
1133.85

1147432
1160471
1174.04
1187.30
1200.50
1213.62
1226.68
1239.67
1252460
1265446

1278426
1290.99
1303.66
1316.27
1328.81
1341430
1353.71
1366407
1378437
1390.61

15
Hy ~H

—-236
’2.41
—-2e46
=250
—-2¢55
-2460
264
'2069
=274
—-2.78

—2483
—-287
-2«92
~297
-3001
—-3406
-3.11
-3.15
-3e¢20
—3e24

=3.29
~3633
~3e38
‘3043
-3e47
~3e652
~-3e56
~-3e61
—~3e¢65
~-3470

~-3e74
-3.79
~-3.83
-3488
-3e492
-3e97
~4401
~-4406
-4410
~4ell

LATITUDE
30 45
HO-HR He =Hy
-le39 -«05
=le&l -e05
~le&4s -.05
~le47 -+05
'1050 -005
‘1052 ‘006
-1e55 -e06
-1.58 -e06
~1le61 -~e06
~le63 ~-+06
‘1.66 “006
~1e69 -+ 06
~1e72 -e06
—1074 --06
-1077 -.06
-180 -e07
~-le82 -e07
-1e85 ~-e07
-1.88 -e07
-1090 -.07
-1093 -.07
-1.96 ~e07
-198 -e07
-2.01 -+ 07
=204 ~e07
-2.06 -e¢08
-2.09 -+08
‘2012 -008
=214 -+ 08
-2¢17 ~+08
=220 =08
-2¢22 -¢08
—2025 ~¢08
-2428 -.08
-2030 -008
-2433 -e09
236 -e09
-238 -+ 09
~2e41 - 09
-2043 - 09

(DEG)
60

Heo=Hp

l1.29
l1e31
le34
137
1.39
1e42
ledss
le47
le49
152

le54
1.57
1.59
le62
l.64
le67
l.69
le72
le.74
1e77

1.79
1.82
1.84
1.87
1.89
1692
1.94
1.97
1.99
2602

2.04
2407
209
2412
2e14
2016
2419
2421
224
2426

H

75

¢

2627
2632
2436
2441
245
2449
254
258
263
2667

2072
276
281
285
290
294
298
3403
3.07
3.12

3.16
3.20
3.25
3429
334
3.38
3e42
3447
3651
3455

3460
3.64
3.68
3.73
377
3.81
3.86
3.90
3.94%
3.98



GEOMFT.
ALTe

ZR(km)

1800,
1820
1840,
1860+
1880
1900.
1920.
1940
1960,
1980.

2000
2020,
2040,
2060
2080,
2100,
2120.
2140,
2160
2180

2200,
2220,
2240
2260,
2280,
2300,
2320,
2340,
2360,
2380.

2400.
2420,
2440
2460,
2480,
2500,
2520,
25404
2560
2580,

2600
2620
2640,
2660,
2680

GEOPO-
TENe

7)
HR(km

1402.78
1414490
1426.96
1438496
1450490
1462478
1474461
1486,38
1498409
1509.,75

1521435
1532.89
1544038
1555482
1567.20
1578452
1589.80
1601402
1612.19
1623430

1634437
1645438
1656434
1667425
1678411
1688492
1699.68
1710439
1721405
1731466

1742422
175274
1763421
1773463
1784,.,00
1794032
1804460
1814.84
1825.03
1835417

1845,.,26
1855431
1865432
1875428
1885420

$ R

~4482
-4487
-4e92
-4497
-5402
-5407
-5.13
-5.18
~5e23
=528

-5433
-5438
~Hett3
-5e48
-5453
5457
-£e62
5467
—5072
=577

~5e82
-5487
-5e92
~He97
-‘6.02
-6¢07
-6ell
~6elb
621
~6e26

"6031
-6e35
-6 40
-5e45
-6450
-6¢55
-6e59
—6e64
-6 69
~6e73

~-6¢78
~6483
~6¢88
-6492
697

TABLE 3B CONTINUED

LATITUDE ¢ (DEG)

30 45 60
f1¢—H R F{d—HR H¢-FiR
~2e46 -« 09 2629
=249 -+09 231
‘2.51 -e 09 2-33
—2e¢54 --09 2.36
~256 -+ 09 2438
=2459 -+09 2641
=261 -e¢10 2643
=264 ~¢10 2e45
=267 -e 10 2648
=269 -s10 2650
~2e¢72 - 10 2453
‘2074 -¢10 2.55
=277 ~e10 2457
=279 ~-«10 260
—-2e82 -«10 262
—2084 -010 264
—2087 -010 2067
~289 —ell 2469
‘2092 —.11 2-71
—-2¢94 ~ell1 2674
=297 -ell 2676
—299 -ell 278
-3.,02 ~el1 2.81
=304 ~-e11 2483
-3.07 -e11 2085
=-3.09 - 11 2488
‘3'12 ~e11 2090
-3el4 ~ell 292
‘3017 ‘112 2.94
-32.19 ~e12 2497
-3022 "012 2099
~3e24 -el2 3.01
=327 -el2 3.04
~3429 -el2 3406
~3e31 -el2 3408
~3e34 -e12 310
-3e36 ~el2 3.13
-3e39 -el2 3.15
~3e41 ~el2 3017
-3e4¢4 -e13 3419
~3e4t6 -el3 3622
~3448 ~e13 3.24
—3-51 -.13 3026
—3e53 ~el13 2.28
-3c56 -el13 3030

H

75

o H R
4403
4407
4o11
4415
4420
4a2b
4428
4432
4436
4ol

4 o5
4e49
4453
4457
4461
4466
4470
4eT4
4478
4482

486
4490
4494
4498
5602
5407
5011
515
519
523

527
531
5«35
5039
5643
5e07
5651
5455
5459
Se63

566
570
574
578
5482

H

90

o M
4LebT
4ol
4e76
4e81
Le86
4491
4496
501
506
5ell

5e¢15
520
525
530
535
539
5644
5449
5e54
5¢59

563
568
573
577
582
587
5692
5496
6«01
606

610
615
6420
6624
629
633
638
6e43
647
652

656
661
6e65
670
674

53



GEOMET .
AL T.

ZR(kw

2700
2720
2740
2760,
2780

2800
28720,
2840,
2860,
2880,
2900
2920,
2940,
2960,
2980,

3000
3020
3040,
3060
3080,
3100.
3120,
3140.
3160,
3180

3200.
3220,
3240,
3260
3280
3300
3320.
3340,
3360,
3380,

3400
3420
3440,
3460
3480
3500
3520.
3540
3560
3580

54

GEOPO-
TEN.

Hg ( km? )

1895,08
1904.91
1914470
1924644
1934414

1943.80
1953442
1963.00
1972453
1982402
1991448
2000489
2010e26
2019459
2028488

2038413
2047434
2056451
2065465
2074474
2083480
2092481
2101479
211074
211964

2128451
2137434
2146413
2154489
2163461
2172429
2180494
2189455
2198.13
2206467

2215.18
2223465
2232.09
2240645
2248486
2257420
2265450
227377
2282.00
2290420

0

Ho=H g
-7.02
~7406
-7.11
-7415
-7.20

~T7e25
-7e29
-7e34
-7¢38
~-Te43
-7+48
~T52
-7.57
-7e61
~Te66

~7470
-7.75
-Te79
~-T7Te84
-7.88
-7.93
-7.97
-8.01
~8.06
-8.10

~8415
-8.19
-8e24
-8.28
-B8+32
-8437
-8.41
—Be45
-850
~-8e54

"8.58
~-8463
-8467
~-8471
~-Be75
-8.80
-84+84
-8.88
-8492
-8497

TABLE 3B CONTINUED

15

H¢_HR
-6410
~6el4
-6418
6022
_6026

—€+30
"’6.34
-6.38
“6-42
-6 ek
‘6050
-6+53
~€e57
—6e61
‘6-65

-6e69
641773
—6e77
-6.81
-5085
-6489
-6093
~6e96
‘7-00
-T7«04

-7.08
-7e12
-7e16
-719
~T7e23
-T7e27
-7e31
-7e34
—-738
-7042

=746
-Te49
~Te53
~-7¢57
~-7e61
~Teb4
-7 68
~Te72
-7075
-T779

LATITUDE ¢
30 45
Ho=Hp  H,-Hp
-3458 -e13
—3460 -el3
~3e63 -e1l3
‘3065 -el3
—3467 -e13
~3470 -e13
'3.72 -014
~3.74 -.14
=377 -el4
-3479 -el4
-3.81 -el4
—3484 -el4
=3,86 ~el4
-3.88 -el4
-3.91 -~el4
‘3093 -ell
-3095 ‘014
-3.98 ~e15
=4400 -e15
-4402 -e15
-4004 -015
-4 607 -.15
=409 -el15
-4ell -e15
"4013 e 15
-4el6 -el5
-4418 -e15
~4420 ~e15
"4.22 "015
~4e25 -el6
-4427 -e16
~4429 -e¢16
4631 —-el6
-4e33 -el6
—4036 -016
'4.38 —016
~4e40 ~el6
~4e42 -el6
-4elt4 -el6
‘4047 ‘016
~4e49 —-16
‘4051 —016
‘4-53 —.17
"4055 "‘017
~4457 -el7

(DEG

H

)
60

o~H R
3,33
3435
3437
3,39
3,41

3ebb
3e46
3448
3450
3652
354
3457
2459
3¢61
363

3.65
3e67
3469
3.72
3.74
376
3.78
3.80
382
384

3.86
3.88
3.91
3493
3.95
3497
3499
4401
4403
4405

4407
4409
4011
4413
415
417
4419
4621
4423
4425

75

b ~HR

5486
5¢90
5694
5498
601

6405
609
6613
6.17
621
624
6.28
6e32
6636
640

6e43
647
651
655
658
6e62
6666
670
6673
6677

6481
6484
6488
6092
695
699
T.03
Te06
710
7013

Tel?
721
Te24
728
Te31
7435
Te38
Te&2
Te45
Te49

H

g0

o"HR

679
683
688
692
697

701
Te06
710
715
Te19
Te24
Te28
Te32
Te37
Tell

Te45
750
Te54
Te58
Teb63
Teb67
Te71
Te76
780
Te84

789
793
797
801
8406
810
Bel4
8e¢18
Be22
8627

Be31l
835
839
8e43
8e47
8451
Be56
860
Beb4
8468




GEOMET .
ALT.

ZR(km)

3600,
3620,
3640,
3660
3680
3700.
3720,
3740
3760,
3783,

3800,
3820,
3840,
3860,
3880.
3900,
3920
3940.
3960
3980,

4000,
4020,
4040
4060
4080
4100.
4120.
4140,
4160,
4180,

4200
4220
4240,
4260,
4280,
4300
4320,
4340,
43600
4380,

4400,
4420,
4440,
4460,
4480,

GEOPO-
TENe

/
Pﬂﬂkm )

2298437
2306651
2314461
2322.68
2330.72
2338.73
2346470
2254465
2362456
237044

2378429
2386411
2393,89
2401465
2409,38
2417.08
2424474
2432.38
2439,99
2447457

2455012
2462464
2470013
2477459
2485402
2492443
26599,81
2507.15
2514.48
2521477

2529403
253627
2543 .48
2550467
2557482
2564495
2572.05
257913
2586418
2593.21

2600420
2607417
2614412
2621404
2627493

H¢—HR
—9.01
-9.05
-9.09
-9013
-9.18
-9.22
-9.26
-9430
-9e34
-9.38

~9e42
-9 46
=-G.51
-9455
—9.59
~9.63
-9.67
-9.71
-9.75
-9.79

-9.83
-9.87
-9.91
"9-95
~9.99
—10.03
-10.07
-10.11
-10e15
‘100 19

-10.23
-10426
-10.30
"10034
‘10.38
-10e42
-10e46
-10+50
-10.54
-10.57

-10461
-10.65
-10469
-10e73
1077

TABLE 3B CONTINUED

15

H,-H

¢
-7483
~T7e86
-7¢90
-Te94
~T797
-8401
-804
-8.08
-8e412
-8e15

~8e19
-8e22
~8e26
—8e29
-8e33
-8436
—8e40
~8eb44
-Be&T7
~8e51

-8e54
~8e57
~8e61
~-8e64
~-8468
—~8e71
~Be75
~8e78
~Be82
~B8e85

-8+88
~8e92
~Be95
~8e99
-%9¢02
=96 05
-9409
-9412
-9415
-9419

-9e22
-9425
~9.29
-9e32
~9e35

R

LATITUDE ¢
30 45
H¢-HR H¢—HR
=4460 ~el7
—4eb2 -el7
‘4064 —-17
—4e66 -el7
_4068 "017
4470 -e17
—4472 -e17
-4074 -017
477 ~el7
4479 —-e18
‘4.81 -018
-4e873 -e18
-4 485 -e18
~4e87 —-e18
—4489 —e18
~4491 -e18
‘L&093 ".18
4495 ~a18
4497 -e18
-4499 -e¢18
“5001 -+ 18
-5004 ~+18
—5006 ‘018
-5.08 ~-e19
-5410 ~-e19
-5412 -e19
~5e14 ~a19
~5e16 ~e19
-5418 -e19
‘5.20 ‘019
=522 -e19
-5e24 ~e19
-5026 —019
=528 -+19
-5e30 -e19
-5e32 -e19
—SDBQ —020
’5.36 -020
‘5038 -020
~5e39 -e 20
~5e41 -e20
-5e43 -+ 20
=545 =020
~5e47 -e20
=549 -e20

(DEG)

&0

He=H R

4627
4e29
4431
4433
4635
1!037
4439
4e4l
4et3
4el5

4e47
4e49
4451
4453
4455
4657
4459
4Le60
4462
bGeb4

4e 66
4468
470
4e72
4LeTh
4676
4478
4679
4481
4483

4485
4487
4.89
4491
4492
4694
4e96
4498
500
502

5403
5.05
5407
509
511

75

7653
7656
7460
Te63
Teb7
Te70
Te73
TeT7
780
T e84

Te87
7491
Te94
7498
8.01
804
8408
8ell
8.14
8.18

8e.21
8e25
8428
8e31
8435
8.38
8e41
8.45
8.48
8.51

854
8458
8e61
8e64
8467
8471
874
877
8480
8.84

8487
8490
8.93
8496
900

90
Ho~HR

Be72
8e76
8480
8«84
888
892
896
9«00
904
9408

9el2
9e16
G20
9e24
9e28
Ge32
Fe36
9e40
el
948

Ge51
9e55
959
Ge63
Se67
Ge71
975
978
Ge82
Fe86

990

994

997
1001
1005
1009
1013
1016
1020
1024

1027
1031
1035
10439
10e42

55



GEOMET
ALTe

Z_( km)
R

4500,
4520
4540,
4560
4580,

4600,
4620
4640
4660.
4680
4700
4720,
4740
4760,
4780,

4800,
4820,
4840,
4860,
4880,
4900,
4920
4940,
4960,
4980,

5000
5050
5100
5150,
5200
5250
53N00.,
5350,
5400,
5450,

5500,
5550
5600
5650
5700.
5750
5800
5850
5900,
5950

56

GFOPO-
TENe

H_( km/)
R

2634,.,80
2641465
2648447
2655426
2662403

2668477
2675649
2682419
2688486
2695451
2702413
2708473
2715430
2721.85
2728438

2734489
2741637
2747482
2754426
2760667
276706
2773643
2779.77
2786.09
279239

2798467
2814427
2829473
2845405
2860425
2875431
2890424
2905.05
291973
2934.28

2948471
2963.03
2977422
2991429
3005425
3019.09
3032.82
3046443
3059.94
3073433

0
H s Hr

-10.80
-10.84
—10.88
-10e.92
-10495

-10.99
~-11.03
-11.07
-11.10
‘11.14
-11.18
-11.21
-11.25
-11.29
~-11.32

-11.36
-11.40
-11.43
-1le47
-11.51
~11le54
-11.58
-11le61
-11.65
‘11069

“11.72
-11l.81
-11.90
-1199
-12.07
-12.16
"12.25
~12.33
~12e42
-12.50

-12.59
-12.67
-12.76
-12.83
"12092
-13 00
-13.,08
’13.16
-13.25
-13032

TABLE 3B CONTINUED

15

H, -H

¢
~9e39
-%9e42
~9%e45
-Fe48
-9.52

-9e55
—-9.58
“9.61
—9465
-9.68
~-G471
-9.7‘0
~9.78
-9%9.81
-9.84

-9.87
-9.90
-9493
-9e97
~10.00
~-10.03
-10.06
~10.09
-10.12
-10615

~10418
-10.26
-10e34
-10e42
-10449
-10.56
-10e64
-10.71
~1097
-10.86

-10.94
-11.01
-11.08
-11.15
~-1123
-11430
-11e37
~11le44
-12.51
-12.58

R

LATITUDE ¢ (DEG)

30
H¢—H

=551
-5053
-5055
=557
~-5¢59

~5e¢61
-5063
‘5065
-5e66
-5468
~5470
~5e72
'5074
"5.76
-578

'5080
-5081
-5483
’5.85
-5487
~5489
’5091
-5493
-5e94
~-5e96

‘5.98
-6403
-6¢07
'6012
~6el6
“6020
-6e25
~6e29
-6034
~638

=6e42
-6e47
-6451
-6055
-6¢59
-6¢63
~-6¢68
~6e72
‘6.76
~680

R

45

Hy —Hg

-e20
-e20
"020
-¢20
~e20

~e20
-e21
~e21
-e21
=21
-e21
-e21
-e21
-e21
"021

~e21
~e21
~e21
-e21
—e21
~e22
-e22
-e22
~e22
—e22

-—e22
—-e22
-e22
—-e22
~e23
—-e23
-e23
-e23
~e23
—e23

~e23
~e24
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FOREWORD

This final report is based upon research carried out during the past
year under NASA contract NASw-1227, Planetary Meteorology. It contains
complete discussions of two aspects of our research: 1) Seasonal and
Latitudinal Variations of the Average Surface Temperature and Vertical
Temperature Profile on Mars, and 2) The General Circulation of the
Martian Atmosphere. A third task in our research, a review of available
information on the meteorology of Mars and Venus, is discussed in a pre-
viously published technical report entitled Comprehensive Summary of
Available Knowledge of the Meteorology of Mars and Venus by Edward M.
Brooks (GCA Technical Report No. 66-21-N).

Abstracts for the two papers presented in this report may be found
on the following pages; all references are listed together, starting
on p. 61.




SEASONAL AND LATITUDINAL VARIATIONS OF THE AVERAGE SURFACE
TEMPERATURE AND VERTICAL TEMPERATURE PROFILE ON MARS

George Ohring and Joseph Mariano

ABSTRACT

The seasonal and latitudinal variations of the average surface
temperature and vertical profile of atmospheric temperature on Mars are
computed using a thermal equilibrium model. In thermal equilibrium,
the computed temperature profiles satisfy the following equilibrium con-
ditions: 1) a balance at the top of the atmosphere between net incoming
solar radiation and outgoing infrared radiation; 2) a balance at the
surface between the net gain of heat by radiation and the loss of heat
by convective transport into the atmosphere, the amount of convective
loss being determined from the net integrated radiative cooling of the
convective layer — the troposphere; and 3) the stratosphere is in
radiative equilibrium;f?lt is assumed that carbon dioxide is the sole
radiating gas in a model atmosphere that is composed of 60 percent
carbon dioxide and has a surface pressure of 10 mb. The results are
presented in the form of pole-to-pole temperature cross-sections from
the surface to about 40 km for each Martian season. Because the model
does not allow for latitudinal transport of heat energy by the atmos-
pheric circulation, the computed temperatures are too low at polar
latitudes during the winter half of the year and probably too high at
equatorial latitudes during the solstices and at polar latitudes during
summer; they should be most representative of actual conditions at mid-
dle latitudes during the equinoxes and at low latitudes during the
solstices. The computed temperature cross-sections indicate: 1) ex-
tremely small latitudinal temperature gradients in the summer hemisphere,
with the maximum temperature occurring at the pole; 2) a decrease of
tropopause altitude with latitude from a maximum at the equator during
the equinoctial seasons and at the summer pole during the solstices;
and 3) relatively isothermal vertical structure at high latitudes during
the equinoxes and winter. Comparisons, where possible, of the present
results with other theoretical studies and with the microwave and
Mariner IV observational indications of Martian temperatures yield
" generally good agreement.
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THE GENERAL CIRCULATION OF THE MARTIAN ATMOSPHERE
Wen Tang

ABSTRACT

Dynamic models simulating the Martian atmospheric circulation are
constructed. Model I, based on a terrestrial atmospheric circulation
model due to Adem (1962), is a vertically integrated model and is used
to compute meridional profiles of mean mid-atmospheric zonal wind and
temperature for both northern and southern hemispheres of Mars during the
two equinoxes and the two solstices:—}ln these exgeriments, the value of
the eddy exchange coefficient is assumed to be 1010 cm2 sec-l, similar
to that in the Earth's atmosphere. The/ numerical results indicate that
the maximum mid-atmospheric wind is about 45 m sec™! and occurs at about
40° latitude in the winter hemisphere. The direction of the mean zonal
wind for all seasons except summér is generally from the west. The mean
mid-atmospheric temperatures during the solstices range from a maximum
of 200°K at the summer pole to 110°K at the winter pole. During the
equinoxes, the mean mid-atmospheric temperatures range from 175°K to
195°K at the equator to 140°K to 142°K at the poles.

Model II is a more sophisticated two-level, quasi-geostrophic
numerical model. This model can be used to compute the latitudinal
variation of surface temperature, zonal and meridional winds, and mid-
atmospheric vertical velocities as a function of time during the course
of a Martian year. ; The model is described in the text; application to
Mars is planned during the coming year.

iii
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1. SEASONAL AND LATITUDINAL VARIATIONS OF THE AVERAGE SURFACE
TEMPERATURE AND VERTICAL TEMPERATURE PROFILE ON MARS

George Ohring and Joseph Mariano

1.1 Introduction

Previous theoretical estimates of the average vertical temperature
profile in the lower Martian atmosphere have been based upon convective-
radiative equilibrium models (see, for example, Goody, 1957; Prabhakara
and Hogan, 1965; and Ohring and Mariano, 1966). In such models, a
surface temperature is assumed and the vertical temperature profile is
computed on the basis of a convective troposphere and radiative equili-
brium stratosphere. In the present study, we actually compute the
average surface temperature as well as the average vertical temperature
profile as a function of latitude and season. The computations are
based upon the thermal equilibrium concept of Manabe and Strickler (1964),
which is a slight modification of the convective-radiative equilibrium
model. Although the effect on Martian temperatures of latitudinal trans-
port of heat by the atmospheric circulation is not included in the model,
the computed temperatures should be useful for many purposes. Where
possible, we compare the computed temperatures with observational and
previous theoretical indications of Martian temperatures.

1.2 Basic Model

Under the concept of thermal equilibrium, the computed temperature
profile must satisfy the following equilibrium conditions: 1) a balance
at the top of the atmosphere between net incoming solar radiation and
net outgoing infrared radiation; 2) a balance at the surface between
the net gain of heat by radiation and the loss of heat by convective
transport into the atmosphere; the loss of heat by convective transfer
into the atmosphere is determined from the net integrated radiative
cooling of the convective layer — the troposphere; and 3) the strato-
sphere is in radiative equilibrium.

The thermal equilibrium temperature profile is computed with the use
of an iterative procedure based upon the initial value method of computing
radiative equilibrium temperatures. Starting with an initial temperature
profile, one computes the vertical distribution of the rate of radia-
tional temperature change. These rates are applied to the initial pro-
file for a unit time step to obtain a new temperature profile. This
process is continued until the three equilibrium conditions are satisfied.
At each stage of the calculations any layers with lapse rates greater
than a specified convective lapse rate are corrected to the convective
lapse rate. Numerically, this is accomplished as follows.




(1) In a non-convective layer, the net rate of temperature change
at time step 17 is equal to the computed rate of radiational temperature

oo

(2) 1In a convective layer (that is, a layer that would have a
super-convective lapse rate if no correction were made) that does not
extend to the surface, the net rate of temperature change must satisfy
the following requirements:

f( > p=fpb<59>T dp @
net D ot rad
t

where p, and p, are the pressures at the top and base of the layer,
respectively, and

o T+1
Sp > = convective lapse rate (3)
where
+ dg \'
o™ = T 4 5—?__) At (4)
net

(3) 1In a convective layer that extends to the surface, the net
rate of temperature change must satisfy (3) and (4) and

< ) dwif( 2 e
net ad &
. 4 T+1
+ (F¢g) - <creg > (5)

where ¢, is the specific heat of the atmosphere at constant pressure,

g is the gravitational acceleration, pp is the surface pressure, Sy is
the net downward flux of solar radiation at the surface, (Fi,)" is the
downward flux of infrared radiation at the surface at time step 71, and
(Ueg )T is the upward flux of radiation at the surface at time step
7+l. This equation is a result of the second equilibrium condition; it
enables us to compute the surface temperature at each succeeding time
step. At each time step, Equations (1) through (5) must be satisfied
before computations for the next time step begin.




1.3 Infrared Cooling

The radiative rates of temperature change depend upon two factors —
infrared cooling and solar heating. Thus,

/ae> ae> <ae>
~ = + . (6)
( at rad SE s 82 IR

In this section, we discuss the model used to compute infrared fluxes and
cooling rates (89/5t)IR in the Martian atmosphere. In the next section,
we discuss the model to compute the solar heating rates, (ae/at)s.

We shall make use of the computational model discussed by Rodgers
and Walshaw (1966). They take as vertical coordinate the unit z, where

z=-4n @ (7)

and @ = p/po, where p, is the surface pressure. Then (Be/ét)IR can be
written as

36 - _ & C
Y >IR e, P (8)

where g is the gravitational acceleration, ¢, is specific heat at con-
stant pressure, and C is the derivative with respect to z of the net
flux of infrared radiation. At any level z, C for an absorption band
can be written as

Z
c@ = B@) L (z,2) - f = (z,2") §f (z') dz’ (9

[¢]

where B is the blackbody flux for the absorption band, Z is the highest
level considered, and T is the transmission function for the absorption
band. For the Martian atmosphere, we can assume that only the 15u COj
band contributes to the infrared cooling. Local thermodynamic equili-
brium is also assumed. Curtis and Goody (1956) have found this to be

a good assumption for the 15u CO, band in the Earth's atmosphere down
to pressures as low as 3.4x107“ mb.

For a band transmission model we assume the Goody random model, for
which the transmission of Lorentz lines (the applicability of the Lorentz
line shape for the Martian atmosphere is discussed in the Appendix) along
a path at constant pressure can be written as

T = exp [; i:ég.gﬂ <1 +.l;§%&59 > } (10)



where k is the mean line intensity, & is the half-width of the absorption
lines, m is the amount of carbon dioxide in g cmfz, ® is the mean line
spacing, and the factor 1.66 is introduced as a multiple of m to approx-
imate flux transmission. For an atmosphere with constant mass mixing
ratio, w, of COy, m between any two levels z and z’/ is given by

wp

m = -Eq [p(z) - o(z")] . (11)

Equation (10) is for a homogeneous path, i.e., constant pressure
and temperature. In the actual atmosphere, both pressure and tempera-
ture vary along the path. Pressure affects the half-widths of the
absorption lines while temperature affects both their half-widths and
intensities. However, the effect of temperature is a second order ef-
fect compared to the effect of pressure and CO9 amount on the transmis-
sion. The Lorentz half-width of an absorption line at pressure p and
temperature 6 can be written as

es % P& es %
a=qa <—P— <— =« ———<— (12)
s P 6 S Pg 0

where (g is the half-width at standard pressure, pg, and standard temper-
ature, 6g. Since the temperature variation with altitude is much smaller
than the pressure variation, and since the temperature correction is pro-
portional to the square root of temperature, we may approximate the temp-
erature effect by assuming an appropriate isothermal atmosphere for Mars

with a temperature equal to 8. For an isothermal atmosphere, the Curtis-
Godson approximation for the mean half-width of an absorption line for

an atmospheric path with varying pressure yields

b/\a dm

Q = —— (13)
d[\ dm

or, upon substitution of (12),

6. \3 /P
S (o)
a5<9> <Ps>f®dm

a . (14)
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After integration, (l4) can be reduced to

9

a8 \k/p r 2 1,2
=== == _° e(z) " - p(z )
¢ ( 0 > Q ps:> L 2(2) - 9(z) J ' (12)

The effect of temperature on the line intensities can be incorpor-
ated following Rodgers and Walshaw (1966). The mean absorber amount
between any two levels is corrected by the formula

m= b/\ $(9) dm (16)

where

k, (6)
o(9) =
Zki(es)

in which k is the line intensity and the summation is over all lines
contributing to the absorption interval. Rodgers and Walshaw present
the following empirical equation for ®(8).

a6 - 260) + b(o - 260)2 (17)

1oge d(6)

where a = 3.49 x 1072 and b = -1.28 x 107° for the 15y CO, band. If we

again assume that we can use a constant temperature correCtion, ¢(8)
can come out of the integral and (16) becomes

_ o(0)w P,
m = @(e)k/ﬁdm = _—_E_——_ lp(z) - @(z')] . (18)

O and m can now be substituted into the expression for the trans-
mittance, Equation (10). For the CO, content and pressures prevailing
on Mars,

m

1.66 > 1
i

Qi =

and,hence, (10) can be written as

T = exp [_ (1.66 néa k m)%] ’ (19)




which, upon substitution for & and m, becomes

1.66 x k & % € Po2 (0w / 2 2 : i
T = exp'{ - [ : -7 8 <'5— E;‘ g\ P(z) - o(z") (20) .

To compute the cooling rates, we require dT/dz.

Letting

2
1
_ 1.66 1t k as Qs 2 PO @(Q)W
Fr—s— %) 7. & ° (21)
25

we obtain for the vertical derivative of the transmittance

) . 5
ﬁd;zr - . F 9(z) s exp JL - [F (cp(z)z - cp(z'>2> 1} (22)
lo(2)° - 9(2")°]?

For the 15u CO, band, centered at 667 cm™ ! and extending over 170
cmfl, Rodgers and Walshaw (1966) obtained the parameters k, ©, and Qg
by fitting detailed quantum-mechanical calculations of line positions
and intensities to the random model for band transmission. We use their
values for the evaluation of transmission: as = 0.07 ecm1l; k/® = 718.7
g'1 cmz; and 1@g/5 = 0.448. For the constant temperature correction,
we assume 8 = 200°K.

The downward flux of infrared radiation at the surface, F{_,

. . . . g
required for Equation (5), is given by
Z

B= - T(0,Z) B(Z) + B(o) + f T(o,z") %5» (z") dz’. (23)

(e}

The blackbody flux B(9) is the integral of the Planck function at
temperature 6 over the spectral interval nj = 582 em 1 to ny = 752 em 1,
To a high approximation for this spectral region and Martian tempera-
tures it can be computed from

33 22 =0y

b1 cle4 c2n c2 n c2 n czn
B(O) = —— [exp <} 5 :) ][ 7 +3 5~ + 6 5 +6] (24)

n=n2

where ¢, = 1.191 x 107> erg cm sec”! steradian™! and c, = 1.4389 cm deg-l.
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1.4 Solar Heating

For the solar heating, we shall assume that only the near infrared
bands of carbon dioxide contribute to heating. Although small amounts
of water vapor are present in the Martian atmosphere, the contribution
of this gas to the solar heating rate and to the final temperature dis-
tribution is negligible compared to carbon dioxide (see Ohring and
Mariano, 1966). We shall follow the method of Houghton (1963), which
is based upon the experimental absorption data of Howard, et al (1955),
Burch, et al (1960), and Seeley and Houghton (1961).

For a given time of year and latitude, the average amount of solar
energy absorbed from a pressure level p to the top of the atmosphere
during a Martian day can be written as

E=<zloﬂcosﬂf A£>r (25)
y/

where I,y is the intensity of solar radiation per wavenumber n at the
top of the atmosphere in the £-th absorption band, cos ¥ is the average
cosine of the solar zenlth angle for the day, A, is the integrated
absorption of the ¢-th'band for the atmospheric column extending from
the top of the atmosphere to the pressure level p along a slant path
parallel to the solar beam, r is the fraction of the day that the sun

is shining, and the summation extends over the carbon dioxide absorption
bands. The heating rate at a pressure level p can be determined from

dAﬂ
< > -& cos V| ° Z Io,@ 5— . (26)

£

Houghton's (1963) expressions for the integrated absorption are:

Weak bands (pm < xﬂ) A az(Bm)% (27)

b
"

Strong bands (pm > xz) 2 bg + <, loglo(pm) (28)

where p is in mb, m is in atmo-cm of COp, and ay, by, ¢y, and x, are the
empirically determined constants for the /-th band. For a path extending
from the top of an atmosphere with a constant mixing ratio, w, to a lével

whose pressure is P;
p dm
f Py

2 (29)



and
3

10" w « sec ¥ * p,. (30)

& P 1

m:

where p, is the density of CO, at STP.

With these equations for mean pressure and path length, the inte-
grated absorption in cm™* down to the level p; is

p.m < x
z< 2g 0, ¢V * g
A, (b= (31)
< 1 10%w > -
b£+ 2c£(.435)£ne(pi) + cﬁ(.435)2ne > 2o, sec V¥ p;m > X,
Differentiating with respect to p, we have
a<l 10%w Sec ¥ SN
2\ 2 8o P Y/
dA
= 4 (32)
Pi 2 (. 435) )
. S— pm > X,
Py

The empirical constants for the near-infrared absorption bands,
after Houghton (1963), are shown in Table 1 along with the values of I,
at Mars' mean distance from the sun.

For the solar radiation reaching the surface, Sg, we may write

. = (1 - A)(S0 r cos V¥ - Eg) s (33)

where Sy is the intensity of solar radiation at Mars' distance from the

sun, A is the Martian planetary albedo, and E, is the amount of solar
energy absorbed in the atmosphere, which is given by

< EZ cos Agz > r (34)

where Ag is determined from (31).




Table 1

Constants for the near-infrared 002 bands.
Band Io a b c X
(n) 2 1 -1
H erg cm™ ¢ sec”t(cm 1)
2.0 18.3 0.23
1.6 25.0 0.02 weak only
1.4 27.2 0.02
4.3 5.6 8.4 - 11 37 15.4
2.7 11.8 1.87 -136 65 910




To determine the average zenith angle, for a given day on Mars, we
make use of the relationship

cos ¥ = sin ¢ sin ® + cos ¢ cos © cos h (35)

where @ is latitude, ® is declination of sun and h is the hour angle.
The average value of cos ¥ for a given day is

h

o

T%_ Jf (sin @ sin & + cos @ cos ® cos h)dh (36)
o

0

cos ¥ =

where hO is the hour angle between noon and sunrise or sunset, which is
given by

cos hO = -tan ¢ tan O . (37)
Upon integration of (36), we obtain

sin h_ cos @ cos 5
cos ¥ = sin ¢ sin 3 + 5 . (38)
o

The fraction of the day that the sun shines is given by

hO
r = - (39)

1.5 Numerical Methods

The temperature profile and surface temperature are computed using
an iterative procedure. During each cycle the net rate of change of
temperature (d6/dt) ¢, is computed from Equations (1) through (5). The
atmosphere is divided into n layers of equal pressure thicknesses, Ap.
The temperature profile at the beginning of the iteration cycle (say,
the 1-th cycle) consists of the temperatures at the interfaces of the
n layers (see Figure 1), 9{, eg, e 9;+1 located at the pressures p;
(surface pressure), py, ..., and Pp+] respectively.

The following steps are then executed.
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Step (1): The infrared cooling rate is computed at each interface
from

T dT
" B <-EE >i ntl
1 dt BT 3y - BeoT
+{ (8 () ] e - sep]
j=1 ’
T T
(), o ] (£, [ein]
n
1 T T
DAL, (), ] B sl o
j=i+12 1,5+l ™ ! |

I
<" I
"UI,_.
N/\

mlo.
N1

where <3_E > . is given by
1,]
x 2 i < j
Foy 2 2 TEL T
[]cpi -9, ks - i3> j

where F is defined by (21).

Step (2): The solar heating rate is computed at each interface

from
dAZ
> < Z cos 95 r . (42)
Pi

Step (3): The rate of change of temperature due to radiation is
computed at each interface from

T
06 o6 06
ot >irad B <Ft >iS + <B_t >iIR (43)
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Step (4): The loss of energy by the Martian surface due to convec-
tion is computed as follows. The convective temperature profile, [6?],
with the surface temperature g, = 6i» is computed for each successive
level in the atmosphere from the equation

o NS
*1=<p1>7 (1=2, 3 eues ) (44)

i-1 i-1

where 7 = ¢ /cv, the ratio of the specific heat at constant pressure to

the specifig heat at constant volume, for the Martian atmosphere. The
. . * . .

first computed convective temperature, 65, is compared with the new

radiative temperature

. ,
(6 y e %i) At (i=2) (45)

i’ rad i irad

where At is the increment of time for the 1-th cycle. If (62)raq is
superconvective, the net rate of change of temperature, (ae/at)net, is
computed from the equation, (for i = 2)

*_ T §_9_>T
; = &; + ( ot jnet At . (46)

The above procedure is continued until the level where the new radiative
temperature is not superconvective (say, i = t) is attained. This level
(i = t) defines the top of the convectixe layer that extends to the sur-
face. The new surface temperature, 9; , is now computed from (5) where

t-1
g T T
S ) (@) @
. net o .net
Py i=2 i
p t-1
g T T
[P(8) w=) () » w
rad - . rad
P, i=2 i
n
T _ 1 T T
® )" = z ; [Bcej) + BT, ] Ty - Ty ) 49)
=1
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(obtained from an integration by parts of (23) ) and the solar radiation
reaching the surface, Sg, is computed from (33).1If the first new radiative
temperature (62)r;a is not superconvective,. the model assumes that there
is no convective layer that reaches the surface and (5) reduces to

_ T 4, 7+1
0= sg + (Flg) (ae ) (50)

T+l
The new radiative temperatures (Ql)rad for i > t are also compared

to their corresponding convective values, Gi. If one or more tempera-
tures (say, from i=4 to 1—z+k) are super convective, the net rates of
change of temperature, (Be/at)lnet (i = 4, £+1, ..., £+k) are computed
from (46). Also, in order to ~satisfy Equation (2), the new radiative
temperatures above the level, f¢+k, (say, from g+k+1 to £+k+m) are lowered

to their corresponding convective values, where@e/at) jnet (i = £+k+1 to
L+k+m) is also computed from (46) and,

Ltktm- 1

r T
E: ] < > St )irad J fp =0 SR

i=4+1

For the remaining new radiative temperatures that are not superconvective,

06
> net < > rad (52)

and thus Equation (1) is satisfied.

Step (5): The new temperature profile, f9T+1} is computed from
the equations
™+l _ 06 A S
Gi = ei + St /. net t (i Z 2, 3, ..., n) (53)
i
and
o1 = o7t (54)

and the 1-th interation cycle is completed. The iteration procedure is
continued until the net rates of change of temperature, (36/0t) are

net
less than a prescribed convergence criterion, e¢.
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1.6 Atmospheric Composition, Surface Pressure
and Other Input Parameters

To perform the calculations with the thermal equilibrium model,
information is required on the atmospheric composition and surface pres-
sure on Mars. The results of recent spectroscopic observations (Spinrad
et al, 1966; Owen, 1966; and Belton and Hunten, 1966) and the Mariner IV
occultation experiment (Kliore et al, 1965) indicate that the surface
pressure is about 5 to 10 mb and the atmosphere is predominantly carbon
dioxide, For our computations, we assume an atmosphere composed of 60
- percent (by mass)COp with a surface pressure of 10 mb. The remainder
of the atmosphere is probably argon or nitrogen — or a combination of
the two — both of which are inactive as absorbers of radiation. We
assume that the remaining gas is all nitrogen.

Trace amounts of water vapor — ~ 154 precipitable cm — have been
detected in the Martian atmosphere (Kaplan et al, 1964). However,
previous calculations (Ohring and Mariano, 1966) suggest that inclusion
of this gas in our model would not substantially change the results.
Therefore, it is not included in the computations.

Several other input constants are required in the computations.
The intensity of solar radiation at the top of the Martian atmosphere
is taken as

-2 . -1, .
where s.c. = 2 cal cm min is the solar constant for Earth and R is
the Mars-Sun distance in astronomical units. The variation of R with
time of year is included in the calculations.

The planetary albedo of Mars is taken as 0.3 (de Vaucouleurs, 1964)
and is assumed to be invariant with latitude and season. The convective
lapse-rate is assumed to be the dry adiabatic lapse-rate. For the as-
sumed atmospheric composition, the required thermodynamic constants are
(7-1)/7 = 0.269 and c_ = 0.858 x 10/ erg gm 1(°K)~'. The iterations
continued until the net rates of temperature change were less than the
prescribed convergence criterion of € = 0.05 deg day‘l.
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1.7 Results and Discussion

Before computing the average surface temperatures and atmospheric
temperature profiles on Mars as a function of latitude and season, two
preliminary sets of computations were performed. The first set was
intended to compare results for an assumed model atmosphere (60% COy;

Po = 10 mb) with those for a 100 percent COy, po = 5 mb model atmosphere.
The pure COp atmosphere is also compatible with present observations and
has been used in other calculations of Martian temperatures (see, for
example, Leovy, 1966). The second set of computations was designed to
determine the minimum number of layers in the computational model re-
quired to yield a reasonably accurate picture of the vertical temperature
structure. Both sets of computations were performed for a time of maxi-
mum insolation - southern hemisphere summer solstice, latitude 80°S.

The results of the first set of computations are shown in Figure 2,
where the computed temperatures are plotted as a function of p/py, the
ratio of atmospheric pressure to surface pressure. The thermodynamic
constants for the 5 _mb, 100 percent CO, atmosphere are (7-1)/y = 0.257
and c_ = 0.736 x 107 erg gm-1 (OK)’l. The average surface temperature
for the 10 mb case is slightly higher - 255°K versus 2549K - than for the
5 mb case. This is due to the slightly greater greenhouse effect (83 m
STP of CO, at 10 mb pressure versus 69 m STP of COp, at 5 mb pressure) in
the 10 mb atmospheric model. 1In addition, the greater adiabatic constant,
(y-1)/y, for the 10 mb case also tends to increase the surface temperature,
since the convective flux required to maintain an adiabatic temperature
profile from the surface to the tropopause is less. The most significant
feature of the computed temperature profiles, however, is the small tem-
perature differences for the two different model atmospheres. The maxi-
mum temperature difference is 79K and occurs at the upper levels. This
result indicates that the temperatures computed with our assumed model
atmosphere would also be representative of a 5 mb, 100 percent CO2 model.

The results of the second set of computations are shown in Figure 3.
In this set, a 1l0-layer computational model was compared to a 4-layer
computational model. As can be seen, there is no appreciable difference
in the computed temperature profiles. Therefore, the 4-layer model was
used in computing the latitudinal distribution of temperature profiles
for each of the four Martian seasons.

The computed temperature distributions are shown in Figures 4, 5, 6
and 7 in the form of latitudinal cross-sections - one for each season -
extending from north pole to south pole. The vertical coordinate is the
pressure plotted on a logarithmic scale; p = 1 mb corresponds to about

20 km altitude, p = 0.1 mb to about 40 km. Temperatures were computed
at even 20-degree latitude intervals.
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60% COy atmosphere (dashed line) and 5 mb, 100% CO, atmosphere
(solid line) for Southern Hemisphere summer solstice, latitude
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summer solstice, latitude 80°s.
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Before describing the features of the computed temperature distribu-
tions, we should discuss the representativeness of these computed tempera-
tures. The major heat transport processes not included in the model are
latitudinal transport of heat by the atmospheric circulation and conduc-
tive exchange between the planetary surface and the subsurface. The at-
mospheric circulation would transport heat from the regions of maximum
insolation (equinoctial equator or summer pole) to the regions of mini-
mum insolation (equinoctial poles and winter pole). The effect of such
transport would be a decrease of temperature at equatorial latitudes
during the equinoxes and at polar latitudes during summer, and an in-
crease of temperature at polar latitudes during the equinoxes and in
winter. The effect of conductive exchange between the surface and sub-
surface would be similar. Downward heat conduction into the subsurface
would lower the temperature at points with maximum insolation. Upward
heat conduction to the surface would raise the temperature at points of
minimum insolation. Of these two processes, the effect of latitudinal
transport of heat energy by the circulation is probably much more im-
portant. Smagorinsky et al (1965) obtained excellent agreement between
computed and observed temperatures for the Earth's atmosphere with a
model that includes the effect of the circulation but neglects conductive
heat exchange.

Another heat transfer mechanism - release of latent heat due to
changes of phase of COp - would become important at high latitudes if
the Martian polar caps are composed of solid CO, (Leighton and Murray,
1966; Leovy, 1966). This mechanism would tend to increase the surface
temperature during the period that the cap is forming and decrease the
surface temperature during the period that the cap is melting. The ef-
fect of the possible condensation of CO2 is not allowed for in the present
model.

From the above discussion we may conclude that the computed tempera-
tures are probably somewhat too high at equatorial latitudes during the
equinoxes and at polar latitudes during the summer. They are too low
at polar latitudes during the equinoxes and during winter. The computed
temperatures should be most representative at middle latitudes during
the equinoxes and at equatorial latitudes during the solstices.

The major features of the computed temperature cross-sections are:

1. The extremely small latitudinal temperature gradients in the
summer hemisphere, with the maximum temperature occurring at
the pole.

2. The decrease of tropopause altitude - dashed line - with lati-
tude from a maximum at the equator during the equinoctial

seasons and at the summer pole during the solstices.

3. The relatively isothermal vertical structure at high latitudes
during the equinoxes and in winter.
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The average planetary surface temperatures for the four seasons are
listed in Table 2. The temperature differences between the two equinoxes
and between the two solstices are due to differences in the planet's
distance from the sun.

It is of interest to compare the computed temperatures with observa-
tional indications of Martian temperatures and with other theoretical
estimates. Indications of surface temperature are available from micro-
wave and infrared observations. Unfortunately, both the infrared and
microwave observations are of the sunlit side of the planet and there-
fore are representative of daytime temperatures rather than the average
daily temperatures that are computed in our model. However, the micro-
wave observations refer to temperatures at levels a few centimeters be-
low the surface. At such levels, the effect of diurnal temperature vari-
ations would be minimal, and the observed temperatures may be close to
the daily average temperatures. Unfortunately, the microwave observa-
tions do not resolve the disk. Thus, to make a comparison we must average
our computed surface temperatures to obtain a planetary average surface
temperature. This temperature can then be compared with the microwave
observations. Our computed planetary average surface temperature 1s 208°K.
The microwave observations yield an average temperature of about 215 %K to
2209k, when corrected for a surface emissivity of 0.89 and normalized to
a mean Mars-sun distance (Dent et al, 1965; Hughes, 1966; Kellerman, 1966).
The uncertainty in this temperature, due to observational errors, is about
+ 5%. The agreement between the computed and observed planetary average
temperature can be considered excellent.

Theoretical calculations of the latitudinal and seasonal distribu-
tions of the diurnal variation of Martian surface temperature have been
performed by Leovy (1966) and Leighton and Murray (1966). Figures 8 and
9 show comparisons of our computed surface temperatures with the daily
average surface temperatures of Leovy. Leovy models the atmospheric radia-
tive exchange in a fashion similar to but simpler than ours. His treat-
ment of convection is somewhat different from ours and he also includes the
effect of conductive heat transfer between surface and subsurface. His
computations are for a 5 mb surface pressure, 100 percent CO, atmosphere
with an albedo that varies with latitude and whose average value is about
0.23. Because of a generally lower albedo, his surface temperature should
be a few degrees lower than ours. However, the results are in excellent
agreement except at polar regions during the equinoxes and winter. When
Leovy's surface temperature falls below the condensation temperature of
COp (~ 1459K), he permits atmospheric CO, to condense. The release of
latent heat of condensation maintains the polar temperatures during these
seasons at 1459%K. This effect is not included in our computations.

A comparison of our computed latitudinal distribution of annual
surface temperature with that of Leighton and Murray (1966) is shown in
Figure 10. Leighton and Murray parameterize the exchange of heat energy
between the surface and atmosphere, but do include the effects of conductive
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Table 2

Average planetary surface temperatures.

Season Average Planetary Surface
Temperature
(°K)
Northern Hemisphere Spring Equinox 210
Northern Hemisphere Summer Solstice 194
Northern Hemisphere Fall Equinox 217
Northern Hemisphere Winter Solstice 212
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Leovy (1966). Solid line - present model; dashed line - Leovy
(1966).
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heat exchange between surface and subsurface and the effect of the re-
lease of latent heat due to condensation of CO,. Their assumed albedo

is 0.15. The comparison indicates that their temperatures are some 8 to
109K lower than ours at low and middle latitudes. Since their assumed
albedo is lower than ours, their computed temperatures should not be lower
but higher than ours at these latitudes. The reason for the discrepancy
may be their simplified modelling of heat exchange between surface and
atmosphere. Their polar temperatures are higher than ours because they
include the effect of condensation of atmospheric CO,. Generally speaking,
the results of all three theoretical models - ours, Leovy's, and Leighton
and Murray's - are in excellent agreement on the latitudinal variations of
surface temperature.

There is no observational information available on the latitudinal
and seasonal variations of the Martian vertical temperature distribution
with which to compare our results. There are also no theoretical estimates
except those from Leovy's (1966) two layer atmosphere model. 1In Figures
11 and 12 we compare our latitudinal distributions of computed temperature
at the atmospheric level, p/po = 0.31, where p is pressure and py is surface
pressure, with those of Leovy for the same atmosphere level. 1In general,
our computed temperatures are generally 20°K to 35°K lower than Leovy's.
The reason for this difference is not immediately obvious. It may be that
Leovy has overestimated the convective heat flux, which would lead to
higher atmospheric temperatures and lower surface temperatures in his
model. This would also explain why his surface temperatures agree quite
well with ours despite his lower albedos.

A rough comparison can be made between our computed temperatures and
the temperatures inferred from the Mariner IV occultation experiment.

Figure 13 shows a temperature profile computed for the latitude and
time of year at which the Mariner IV occultation experiment during immer-
sion was performed. Immersion occurred at 50°S latitude in late winter
at a local time of 1 P.M. when the solar zenith angle was 67°. Our compu-
tations were performed for 50°S latitude and solar declination angle of
+415° (corresponding to the day of the occultation measurement). The tem-
perature near the surface derived from the immersion occultation experi-
ment was 175°K + 259K (Kliore et al, 1965). This is presumably an average
temperature of the lower Martian atmosphere. In addition, it was found
that there was no obvious change of scale height with altitude in the
first 30 km. Our calculations indicate a surface temperature of 173°K
and a decrease of temperature with altitude to less than 120°K at p = 0.1
mb (~ 40 km). Our average temperature (pressure weighted) for the first
40 km would be about 150°K. Two factors would cause the computed tem-
peratures to be less than the actual temperatures. The present compu-
tation represents the average diurnal temperature for the day and loca-
tion of encounter. One would expect the average diurnal temperature to
be less than the 1 P.M. temperature, which should be close to the maxi-
mum daily temperature. In addition, latitudinal heat transport is neglected
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in the model. At this latitude during winter, one would expect lati-
tudinal heat transport to increase the computed temperatures somewhat.

An addition of 20°K to our computed values would be a reasonable correc-
tion for these effects and would place the computed temperature in
excellent agreement with temperature derived from the immersion experi-
ment. However, our computed temperatures do suggest that the scale
height would vary by about 30 percent from the surface to about 40 km,
which is not in agreement with the immersion observations.

Figure 14 shows a computed temperature profile for the latitude and
solar declination on the day of emmersion, which occurred at 60°N at
night during late summer. According to Kliore et al (1966) the temper-
ature at emmersion was 220°K and according to Fjeldbo et al (1966) the
apparent lapse rate was greater at emmersion than on immersion. Our
calculations indicate a surface temperature of 222°K and a decrease of
temperature with altitude to less than 135°K at 1.0 mb. Our average
temperature for the first 40 km would be about 180°K. Since at the local
time, season, and latitude of emmersion, both diurnal effects and lati-
tudinal heat transport processes would tend to decrease our computed
temperatures, it must be concluded that the computed temperatures for
emmersion are not in good agreement with the observed temperature on
emmersion. Our results for emmersion do indicate a greater lapse rate
in the first 30 km, in agreement with the observations.

Whether the thermal equilibrium temperature profile is a good esti-
mate of the actual daily average temperature profile for a particular
time of year may be questioned on the grounds that a certain amount of
time is necessary for an initial temperature profile to become a thermal
equilibrium temperature profile. It will be recalled that, in computing
the thermal equilibrium temperature, an initial temperature profile
begins the iterative process of the computational model and, after a
certain number of iterations, the final temperature profile is approached.
Thus, the equilibrium temperature profile is the steady state solution
to the convective and radiative equations governing the temperatures in
the Martian atmosphere, which is approached asymptotically through the
iterative cycles of the computational model. 1In the computational model
all the atmospheric parameters (i.e. surface pressure, CO2 mass mixing
ratio, solar insolation, etc.) remain constant during the time required
to reach equilibrium. In the actual case, the one atmospheric parameter
that definitely changes with time is the average solar insolation. 1In
our computations, it was implicitly assumed, however, that this change
was negligibly small during the time necessary for a given initial temp-
erature profile to approach asymptotically the steady state, thermal
equilibrium temperature profile. The validity of this assumption was
studied in the following manner. '

Starting with a thermal equilibrium profile for a particular latitude

and time of year, we computed temperature profiles at successive 10-day
time steps for an annual cycle using the basic computational model to
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determine the change in temperature during a single time step of 10
days. From one time step to the next the average solar insolation
changes such that during the 1-th time step, the average solar insola-
tion is given by

S, (0 =% s (1) +8 (c-1) ]

where Sy (71) and S,(7-1) are the average solar insolations at the end
and beginning of the 10-day period of the 71-th time step. The temper-
atures computed in this manner can then be checked against the thermal
equilibrium temperatures.

Computations were performed for Martian latitudes 0° and 80°N. The
initial temperature profiles were the thermal equilibrium temperature
profiles for the Northern Hemisphere spring equinox and for a date 45
days before the Northern Hemisphere spring equinox, respectively.
Figures 15 and 16 are graphs of the daily average surface temperature
as a function of time for 0° and 80°N respectively. Included in
Figures 15 and 16 are the respective thermal equilibrium surface temp-
eratures for the first day of the four Martian seasons. (Only 3 seasons
appear in Figure 16, as the Northern Hemisphere winter solstice occurs
during the polar night.)

As can be seen, the thermal equilibrium surface temperatures are
in excellent agreement with the "time dependent' surface temperatures
except at 80°N during the spring and autumnal equinoxes, when a maximum
temperature difference of about 25°K occurs. Therefore, the computed
equilibrium temperature profiles should give reasonable estimates of
the seasonal variations of Martian temperatures.

1.8 Concluding Remarks

Martian pole-to-pole temperature cross-sections from the surface
to about 40 km altitude for each season have been computed with a
thermal equilibrium model. The computed average temperatures should be
closest to the actual average temperatures at middle latitudes during the
equinoxes and at low latitudes during the solstices. Because the model
does not allow for latitudinal transport of heat energy by the atmos-
pheric circulation and the possible condensation of carbon dioxide, the
computed temperatures are too low at polar latitudes during the equi-
noxes and winter and probably too high at equatorial latitudes during
the equinoxes and at polar latitudes during summer. The major features
of the computed temperature cross-sections are:

(1) The extremely small latitudinal temperature gradients in the
summer hemisphere, with the maximum temperature occurring at the pole.
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Solid line: time dependent case starting with initial thermal
equilibrium condition at Northern Hemisphere spring equinox.
X: computed on basis of thermal equilibrium.
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(2) The decrease of tropopause altitude with latitude from a
maximum at the equator during the equinoctial seasons and at the summer
pole during the solstices.

(3) The relatively isothermal vertical structure at high latitudes
during the equinoxes and winter.

Comparisons of the present results with other theoretical studies
and with the microwave and Mariner IV observations of Martian tempera-
tures yield generally good agreement. Further theoretical studies of
temperatures of the surface and lower atmosphere of Mars should include
the effects of latitudinal heat transport, release of latent heat of
condensation, conductive heat exchange between surface and sub-surface,
atmospheric water vapor radiative transfer, and analyses of the diurnal
temperature wave.
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2, THE GENERAL CIRCULATION OF THE MARTIAN ATMOSPHERE
Wen Tang

SEASONAL VARIATIONS OF THE MEAN ZONAL WIND VELOCITY AND TEMPERATURE OF THE
MARTIAN ATMOSPHERE

2.1

2.1.1 TIntroduction. More than one and half decades ago, the general cir-
culation of the Martian atmosphere was essentially inferred from telescopic
observations of the movement of yellow clouds and radiometric observations of the
surface temperature (Hess and Panofsky, 1951). 1In 1961, Mintz applied dynamic
stability theory to the Martian atmosphere to determine the type of general cir-
culation on the planet — symmetric or wave type.

Recently, Tang (1966) used the new data on atmospheric composition and sur-
face pressure (Kliore, 1966) and a general circulation model for steady state
and symmetrical regime to study the mean zonal and meridional winds in the
northern hemisphere and the stability of the symmetrical regime in the Martian
atmosphere during the equinoctial seasons. The purpose of the present work is
to study the seasonal mean zonal winds and temperatures at the middle of the
Martian atmosphere with the use of a simple dynamic model.

2.1.2 General Theory. Based upon the principle of conservation of energy,
Adem (1962) developed a simple model of the general circulation for the Earth's

atmosphere. His model yields mean monthly meridional profiles of zonal wind and
temperature that agree well with observed mean profiles. We can apply this model
to Mars.

We shall outline the concept involved in this model. For the details of
the theory and the basic mathematical developments we refer the reader to Adem
(1962). If the constituents of the atmosphere and the temperature are known,
the energy emitted from an atmospheric layer can be calculated. From the balance
of radiational energy, one can evaluate the excess of radiational energy at an
atmospheric level and at the surface, if the atmospheric and surface temperatures,
insolation, and albedo are known. Conversely, the atmospheric and surface tem-
peratures can be computed if the excesses of both atmospheric and surface
radiation energy are known. Two equations with four unknows arise from writing

down the radiation budget equations for the surface and atmosphere.

equations are needed to determine these quantities uniquely. One of
is the energy equation, which essentially indicates that the rate of
thermal energy due to meridional turbulent transport is equal to the
change of thermal energy due to radiation plus the rate of change of
of sensible heat and the molecular transformation.

Two more
these two
change of
rate of
conduction

The fourth equation may be

considered as an empirical equation which is used to evaluate some unknown with

observational data.
temperature for different seasons can be determined.

With these four equations the meridional profiles of the
By using the geostrophic

wind equation, the meridional profile of mean zonal wind can be obtained from

the computed meridional temperature profile.
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The final governing equation for the latitudinal variation of atmospheric
temperature is (Adem, 1962)

2 c c J-¢,E
& /4T o= - g oy 83 (55)
> ™ em ek 4 X K
? 7 7 €7

T/ the deviation of mean atmospheric temperature at latitude ¢ from the
m mean atmospheric temperature at a given latitude for a given season.
O} Latitude

Id The insolation during one day

J The rate of change of the conduction of sensible heat and the mole-

cular transformation function.

EB The excess mean radiational energy at the surface of Mars.

Cq (l-Acz)/c7K

X Eddy viscosity

2
cq - c3(A1)(1 + BA/Z)/rO
ry Radius of Mars
*

Al cV/2 (po z=0 po)

A 2H /6T _+BH )

Py Pressure

c, Specific heat at constant volume

g Gravitational acceleration of Mars

Ho Height of the top of the absorbing gases

To The temperature at height Ho

The mean lapse rate
cys €15 €3 and é4 = coefficients of the following equation




= c¢c_ +

- B
(1-4) Tm o

The quantity E, is the excess of the
atmosphere. Tée boundary conditions
the equator and poles are zero, that

(56)

mean radiational energy of the Martian
are that the temperature gradients both at
is,

0 and (57)

(ST

The solution to the differential Equation (55) and boundary conditions in

Equation (57) is

7 o

b

+ % L/NId(W)COSh c (y- g) dy

(o}

c -J

5]

€61

The quantity J is an unknown quantity.

= {/

W) sin (b - @) a4V

(cos Ce + sin c6@)

sinh c6ﬁ/2

(58)

It can be evaluated by applying

Equation (58) to a latitude for which we have a good estimate of the atmospheric
temperature from observational or other theoretical results.

The wind field is determined from simple geostrophic wind relations. If

the latitudinal temperature deviation is known, then the mean zonal and meridional
wind velocity can be simply written as

(59)

and

respectively, where f =(oriolis parameter for Mars and R = gas constant for
Martian atmosphere.
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The solution of Equation (55) is valid in a region bounded by the equator
and one of the poles, and is a function of the parameter J. 1In order to eliminate
J and to obtain the meridional distribution of mean atmospheric temperatures,
T(p), for one hemisphere, it is necessary to know a mean atmospheric temperature,
T(@l), at a given latitude, @;. And, to obtain the meridional distribution of
mean atmospheric temperatures for both hemispheres it is necessary to know mean
atmospheric temperatures for two latitudes, Ty(p;) and Tg(9,), the former tem-
perature somewhere in the Northern Hemisphere (0 < ¢; < %/2), and the latter
temperature somewhere in the Southern Hemisphere (—H}Z < 9Py < 0). One of the
inherent difficulties in the computational model, however, is that the mean
atmospheric temperature and wind profiles are computed separately for each hemi-
shere, and in general the mean temperature will be discontinuous at the equator,
unless the input mean temperatures, Ty and T., ane specified at the equator.

The cause of this discontinuity is the lack of observational data necessary for
accurate estimates of TN and Tg-

_In the present computations the input mean atmospheric temperatures, EN
and Tg, were obtained from theoretical computations (House, 1966) based on
radiative processes alone. House's mean atmospheric temperatures at 35°N and
35°S are considered representative of the actual Martian atmospheric temperatures
at these latitudes, as the effect of meridional transport are considered to be a
minimum at these latitudes. Therefore, in the present computations, rather than
using the equatorial temperatures of the theoretical computations of House (1966)
as the input temperatures for both hemispheres such that temperature discontinuities
at the equator could have been avoided, the input temperatures, TN and TS’ were
the theoretical temperatures at 35°N and 35%g respectively. As expected, dis-
continuities in the mean atmospheric temperature at the equator occurred. A
maximum temperature discontinuity of about 25°K occurred in the temperature pro-
file for the Northern Hemisphere winter solstice. The temperature discontinuities
were eliminated by performing a second set of computations where the input tem-
peratures for both hemispheres were specified at the equator and equal to the mid-
point of the temperature discontinuity.

2.1.3 Results and Discussion. Meridional profiles of the mean zonal wind
and mean atmospheric temperature during the summer and winter solstices and
spring and fall equinoxes were constructed. The meteorological parameters used
in these computations are as follows:

P, = Surface pressure =5 mb

= Atmospheric lapse rate = 3.75°k km-1

al = Percentage of solar radiation absorbed by the surface = 70 percent

Q, = Percentage of solar radiation absorbed by the atmosphere = 0 percent

Ho = Level at which the absorbing gas is 1/10 of that at the surface = 21 km
R = Gas constant = 1.87 x 106 cm2 seé2 deg-1
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Figure 17. Latitudinal profile of mean atmospheric temperature for the
four Martian seasons.
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g = Gravitational acceleration = 380 cm sec

2 = Angular velocity = 6.57 x 10“5 sec-1

K = Eddy exehange coefficient = 1010 cmz sec-1
r, = Radius of Mars = 3400 km

c, = Specific heat of constant volume = 0.158 cal gm-1 deg-1

The input temperatures, TN and TS, at 35°N and 35°s respectively, for the four
seasons are as follows:

Northern Hemisphere Northern Hemisphere Northern Hemisphere Northern Hemisphere

Winter Spring Summer Fall
-']—'.‘N(OK) 160 180 190 188
Es(°1<) 205 180 145 184

The computed mean atmospheric temperature profiles for the four Martian
seasons are shown in Figure 17. The extreme temperatures are found to occur in
the Southern Hemisphere. The highest mean atmospheric temperature is about 205°K
and occurs at 80°S during the Southern Hemisphere summer solstice. The lowest
mean atmospheric temperature is about 108°K and occurs at the South Pole during
the Sourthern Hemisphere winter solstice. It is interesting to note that the
difference between the maximum and minimum mean atmospheric temperature, at the
North Pole is smaller than the corresponding difference at the South Pole. This
is a result of the planet's being closer to the sun during the Southern Hemisphere
summer solstice. It is also interesting to note that the highest mean atmospheric
temperature in the Northern Hemisphere occurs at the equator during the autumnal
equinox. For both equinoctial seasons the mean atmospheric temperature profiles
are symmetric about the equator. The temperature profiles of Figure 17 were com-
pared to the mid-atmospheric temperatures of the thermal equilibrium model dis-
cussed in the prev1ous section (see Figures 4 through 7). In the region bounded
by the latitudes 50°N and 50°S the corresponding temperatures differ by at most
10°K. 1In the regions about the North and South Poles, the present temperatures
are higher than the thermal equilibrium temperatures for all seasons except the
summer solstice. This is due mainly to the meridional transport of heat from
the warmer equatorial regions to the polar regions, which is included in the
present model.

The temperatures computed from the Mariner IV occultation measurements by
Kliore (1966) are about 220°K at 60°N latitude and about 1759K at 50°S latitude.
These measurements were made during the late Northern Hemisphere summer (declina-
tion of sun = +15 degrees). The Mariner IV temperatures are much higher (about
40°K) than the corresponding mid-atmospheric temperatures as interpolated for
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this time of year from Figure 17. 1If the temperatures of Figure 17 are rea-
sonable estimates of the actual mid-atmospheric temperatures of Mars, one can
conclude that the Mariner IV temperatures are representative of the atmospheric
temperatures in the vicinity of the Martian surface.

The mean zonal wind profiles, based upon the geostrophic assumption, for
the four Martian seasons are shown in Figure 18. The maximum mean zonal winds
occur at latitudes 35°N and 35°S during the Northern Hemisphere winter solstice,
and are about 50 and 40 msec~1l, respectively. During the Northern fall and
spring equinoxes, the maximum mean zonal winds occur at about 65°N and 65°S
latitudes and are about 30 msec~l. During all seasons except summer the winds
are westerly. In the summer seasons of both hemispheres, maximum easterlies of
10 msec™l occur at 10°N and 10°S; secondary maximums of 5 msec~l occur at 709N
and 70°S. At middle latitudes the easterlies are relatively weak and about
2 msec~l. The double peak phenomenon in the latitudinal profile was also formed
in previous work (Tang, 1966), although the model used was different.

During winter the maximum westerlies occur further south and are stronger
then in spring or fall. This is similar to the jet stream migration in the
Earth's atmosphere. The wind profiles suggest that a wave regime may be present
during the winter and during late spring and early fall. The mean wind at mid-
dle latitudes for the equinoctial seasons is about 30 msec™l, which is slightly
higher (5 msec™l) than we obtained previously for a symmetrical regime (Tang,
1966). One expectsa higher mean wind at middle latitudes in the wave regime
than in the symmeterical regime (Charney, 1959). The computed wind velocity
is larger than that of Earth as also found previously in Tang (1966).

In summary, this fairly simple model yields quantitative results on the
latitudinal and seasonal variations of mid-atmospheric temperature and zonal
wind for Mars. The reliability of the results is open to question because of
some of the assumptions inherent in the model and some of the uncertainties in
the input data for Mars. The first of these obstacles to reliability can be
overcome with the use of an improved general circulation model — such as the
numerical model discussed in the next section. The second obstacle to reliability
can be overcome as new observational data and analytical studies become available.
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2.2 A NUMERICAL MODEL OF THE MARTIAN ATMOSPHERIC GENERAL CIRCULATION

2.2.1 Introduction. As an extension to our previous study of the general
circulation of the Martian atmosphere (Tang, 1966) and the recent work presented
in the last section, a nonsteady, asymmetrical model is being developed. This
model, a combination of the last two models, is a modification of Chen's circula-
tion model which was originally developed for the Earth's atmosphere (Chen, 1965).
It includes time variations, eddy transports, and some of the effects of the phys-
ical characteristics of the Martian surface (e.g., surface albedo, thermal con-
ductivity, etc.) on the atmospheric circulation. Our main goal is to determine
the seasonal variations of the basic zonally averaged motion of the Martian at-
mosphere and of the underlying surface temperature. The calculations of the
surface temperature will be based upon the principle of conservation of energy
among radiation, eddy conduction of the atmosphere and thermal conduction of
the planetary surface. We shall also examine the influence of large-scale sur-
face thermal conditions on the development of wave disturbances in the hemi-
spheric flow patterns in the nonsteady case.

2.2.2 Basic Model. The fundamental equations are the quasi-geostrophic
vorticity equation, the equation of state, the equation of continuity, and the
first law of thermodynamics. By a zonally averaging process, we obtain two sets
of the above equations. One set consists of the zonally-averaged equations for
the mean flow; the other set consists of the finite amplitude perturbation equa-
tions for the disturbed flow. Both sets of equations are nonsteady and non-
linear. In the thermodynamic equation we consider not only the radiational pro-
cesses but also the turbulent heat exchange processes in the atmosphere and heat
conduction of the underlying planetary surface. The set of zonal averaged equa-
tions for the mean flow and the set of finite amplitude perturbation equations
are:

3 3%
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where u, v, 0 = dt’ dt’ ac’
¢ = the relative vorticity,
df
p =a;?
fo = the mean Coriolis parameter,
2
T2
2 P2
i = dynamic coefficient of eddy viscosity in the vertical direction,
a = the coefficient of kinematic eddy viscosity in the lateral
direction, :
. - %17%
- ’
2 P,
P, = pressure at middle of atmosphere,
V2 = Laplacian operator,
k = a proportional constant for the frictional stress near surface,
g = acceleration of gravity,
¢ = geopotential,
t = time,
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2
A2 fc / 92 N\ . o
" RT Ke = ) - a measure of static stability
2 173
6 = potential temperature,

¥ o= ¢/fo = geostrophic stream function,

R = gas constant for Martian atmosphere,

cp = specific heat at constant pressure for Martian atmosphere,
Qr’ Qt = rate of heating per unit mass due to radiation and turbulence,
respectively,

( ) = zonal averaged quantity

~

~
~
|

= perturbed quantity,

and the subscripts 0, 1, 2, 3, and 4 represent the pressure levels at p = 0,

% P> % Pg» % P, and P> and P, is the atmospheric pressure at surface of Mars.
The various heat exchange processes are modeled as follows. The radiative
heating or cooling of the atmosphere per unit mass consists of three major parts:
the absorption of solar radiation; the absorption of surface emitted long wave
radiation; and the upward and downward emission of long wave radiation. The
solar radiation is a function of time and latitude. Long wave radiation is a
function of the surface temperature and the mean temperature of an entire at-
mospheric column, both of which vary with time, latitude, and longitude. The
turbulent heat exchange process includes both horizontal and vertical exchanges.
A simple austauch hypothesis is used in this model. The eddy transport of heat
from the planetary surface is a function of atmospheric and surface temperature.
Since both the radiative and turbulent heat exchange processes between surface
and atmosphere depend upon the surface temperature, it is important to include
the effects of a nonuniform Martian surface on the surface temperature. For
example, the polar caps, bright areas, and dark areas are evidently composed of
different materials with different thermal properties. Therefore, in the equa-
tion of thermal conduction of the Martian surface, which is used to obtain the
surface temperature, the thermal conductivity and diffusivity (Carslaw and
Jaeger, 1959) are expressed as functions of Martian longitude and latitude,
using Sinton and Strong's (1960) values for dark and bright areas and Geiger's
(1965) values for ice. We have written expressions for thermal conductivity
and diffusivity as two different truncated Fourier series in horizontal co-
ordinates for the planet Mars, according to the dark and bright area distribu-

tion, as
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where L = the length of the latitude circle at 45°N or S,
2W = the length of ome-half of the meridian (y = W at pole and y = W at

equator).

The coefficients of the set of Fourier series for representing these ther-
mal parameters are ready to be determined by solving two 36 x 36 matrices.
Similarly, the Fourier series for Martian surface albedo are also ready to be
determined. Solutions of these matrices will be obtained with the use of an
IBM 7094.

The total heating rate per unit mass of atmosphere at different positions
on Mars has been written in an analytical form. Values of the insolation and
latitudinal derivative of the insolation as a function of time of year, at six
hour intervals, smoothing out diurnal variations, are being obtained.
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Since the surface temperature is important for the nonadiabatic heating of
the atmosphere, we must solve the heat conduction equation and mean zonal motion
equation simultaneously. As a first step in the solution of the problem, we are
going to obtain the mean zonal surface temperature and mean zonal motion as a
function of time for a period of a Martian year without considering eddy momen-
tum transport,

To keep the model comnsistent, the solutions of all perturbation (finite

amplitude) quantities are expressed in the form of double Fourier series. For .
example, the perturbed motion may be written as

6
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where subscripts 1 represents level 1, L is the length of the latitude circle at
45°N, and (W{) 1» etc. are the Fourier coefficients which are the functions of
the time t. Tﬁe coefficients of these Fourier series are to be obtained by an
electronic computer.

2.2,3 The Working Equations.

2.2.3.1 The Working Equations For the Mean Surface Temperature. The basic
finite difference equation for the time differential of the Martian surface
temperature can be simply written as

2 *HAL | TRt
p* O prtear o I T (65)
2 At
oz
where b* = the temperature-conduction coefficient of the Martian surface
At = the time interval used in the computation
T = the surface temperature

z = the vertical distance from surface
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and the superscripts represent the time as indicated. The quantity T*t is the
initial input for each time step and is obtained from the prior step.

The boundary condition at the surface of Mars is the energy balance equa-
tion, which simply states that the total energy is a balance among the short
and long wave radiations arriving at the surface, the long wave radiation
emitted by the Martian surface, and the heat fluxes conducted to the atmosphere
through an eddy transport process and to the soil through molecular conduction.
The boundary conditions can be written as

t+At t+At
s A 4 e 4
[k S + H2 T® + oT ] = H2 T2 + S4 + GTZ - F(Tz)
at z = 0,
and (66)
TREHE 2
| at z = -

where A the eddy heat transfer coefficient of the Martian atmosphere

2* = the molecular heat conduction coefficient of the Martian surface
o = the Stefan-Boltzmann constant

H, = the thickness between level 2 and level 4 (level 4 corresponds to
the surface level and level 2 is the constant pressure level at
which the pressure is one-half of the surface pressure)

T, = the temperature at level 2 = ﬁaj(wl - WB)
0

(¢1,¢3) = stream functions at level 1 and 3 respectively (level 1 is the con-
stant pressure level at which the pressure is one-fourth of the
surface pressure and level 3 is the constant pressure level at
which the pressure is three-fourths of the surface pressure)

T" = the temperature at level 4

S4 = the solar radiation reaching the surface of Mars.
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y/
3 4 2

F(T) = [ exp > <C 2 + 6§ + 62 >}
02 y/ c2 21

2
2 3 4 4
r T 3T 6T 6T
+ Lc exp < ﬂI/ + > + 3 -+ % >l (67)
c, £ c. 4 c -4
2 2 2 3

where zl =0, Ez = 13u, £3 = 17y, and 4, = »; ¢

and c, = 1.4388 cm deg.

1= 3.7413 x 10-5 erg cm2 sec-1

For practical purposes, the flux of long wave radiation from the atmosphere,
E, may be assumed as

E = ¢ GT4
a

where €, is the emissivity of the Martian atmosphere and is approximately equal

to 0.16 on the average (House, 1966)., If the following relation is valid (Adem,
1962)

E = oT" - F(T) (68)

then the corresponding F may be written

= (1-¢)) o = 0.84 oT” (69)

In the actual computation, we shall use this approximation rather than (67).

The final solution for surface temperature, T*, satisfying the difference
equation and the boundary conditions as specified above, is

TrLHAL

z=0 = *

4oT*3

\\_//

+ * (70)
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where

_ < £ _‘t+At
T=|(X2_ED L ,3)° G - T 3
L= KH - SR e 2 V3) *+ 8, | (71)
2 T
2
(k* ,b* ) = the mean values of the heat conduction and temperature-conduction
oo’ o0

coefficients of the surface respectively,
and the bars over T, L, ¥, and S represent the mean zonal values.

Since L is a function of {; and {3, we must solve for T* simul taneously
with the mean zonal motion by a finite time interval step-by-step process for
about 1-1/2 Martian years. Based upon previous experience, a time interval of
6 hours would be appropriate for the grid size adopted in this model; an inte-
gration will need about 4000 time steps.

2,2.3.2 The Working Equations For Mean Zonal Wind Velocities. The basic
zonal wind velocities for different meridional grid points at levels 1 and 3
can be obtained by solving the following six simultaneous equations. These

equations will be used as working equations in the numerical computations. They
are listed below.

> 3= . = . -
St Y141 T S Us4r TRy Y TRy Yo PO T Ryug, F Ry U,

el

- é% (u{ v/ + ué vé)+1 s 72)

St U140 T SE Usto T Ro U4y TRy U TRy v PRy U, Ry Ry Uy

- g% (u{ v/ + ug V§)+O s (73)

-5 G+ WD, 76y
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3= 5= > = 3= .= . .
Ro St 141 ¥ 3¢ Y140 T Ro 3¢ U341 © St Y340 T By Ypgq T R5 Upg TRy U,
o - T - W_ _8__ 7 7 7 7
Rg ugig "Ry ) - 3 N (u’ vi-ugvidy,
-ZAzi[V’(\V"‘F/)] - R {8 [(1-T) S ]
ayz 24¥1 3741 10 Oy 0
JEE L \® 2 <5l> o} (75)
)
oy z= ° oy \d z=0"+1
- > - > - > - > - > -
St Y141 " Bo St Y140 T SE Y1-1 T St Y341 T Ro St Y340 T It Ys-1
SRy Uy PRoup gt Ry Uy ) FRyug H Ry Uyt Rgug
2 .3 2 2
.‘IJ_ _a_ / / - /7 / - W_ 2 a_ / !/ o /
-7 3 (v - u vy - 7 A T ViG] - D L
dy dy
d = = OF (T%) % O [T*\
-R,_ = [(1-T)S]- - = () ,  (76)
10 Oy ) Jdy 2=0 00 Jdy \Oz / y=0° +0
> = >3- - > - o = . .
St Y140 " Bo 3t M1-1 7 St Yst0 T Ro St Y3-1 T R Upgr T Rg Vo TRy U
- w2 53
- a I S LS 7 w7 - u’ 7
Ryugp tRgug st Ryug ;-7 N (uf vi - ugv3)
2 2
W29 =R 9 TN T
.Y IR AT (77)
oy 2=0 00 By dz ,/z= 1 ’

55



/001 2 2)
where R, =2 (1 + 5 A"W
0 k\ 4 /’
R =5-82,
W
4a
R, = — ,
2 72
3 a
R, =-32k-8=,
3 2 )
2 2 _ _
R, = 20 5 + k + 4an’ - A B ail:o‘fg-F(Tz):‘——i + 4k, ,
W p P2 ¥ 3T,
dy
— 12 _k_ 2
R5—16wz-2 2ah -2k1,

2 .2 _ -
R6=2412+k+4a/\2+w72—§i§[0'rg F(Tz)\%+4kl,
W p P2 ¥ —‘BTZ

y
2 2 - =
Ro=-20% -3k -gan? - M AT &8 [ pgyl L4
7 2 4 ¢ 2p, Qdy | 2 2 = i
W p 2 L BTZ
y
16 2 4+ 3 2
R8—16w2+2k+2a/\. + 2k, ,
2 2 - _ _
R =-241-3k-4aA2-H———g—i|o‘I‘4-F(T)-‘—i--4k.,
9 4 ¢ 2p, oy |72 2 — i
W p 2 - —aTz
oy
2 2
I R
P oP2
Uy 95 Uy_15 Upage Yygqo and Ujn = quantity u at level 1 on the points y =W,

-%W, 0, —1-W, and w respectively

a = radius of Mars,
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W = one half of the distance between pole and equator,
¢ = specific heat of Martian atmosphere at constant pressure,
f = Coriolis parameter,
P, = atmospheric pressure at level 2,

g = gravitational acceleration,

R = gas constant

k = a proportional constant for frictional stress in vertical direction,

ki = internal friction,
2
2. £ . %
- _ s
RT2 91 93
61,92,93 = potential temperature at levels 1, 2, and 3, respectively.

2.2.3.3 The Working Equation For the Finite Amplitude Perturbed Motion.
Substituting the perturbation of heating per unit mass into Equation (62),
eliminating w4, using the Fourier series and keeping all the nonlinear terms
yeilds the following working equations of atmospheric disturbance.

e} 2 3
M1 SE ( { mn +A SE (wé)mn - MZ(wi mn + M3(W{)mn+1 - MA(Wé)mn +
%/ OT*/
+ MS(wé mn+1 + Mll(Tz=O)mn + M6}"<§o < oz z=0> + Nmn ’ (78)
Mﬁ(/) +A2_a_(/ =_M(/ _M(/) _M(/) -
1 3t V1mnt1 3t W3)nn4t 30 " MW e T MW,

AT/
- 7 % * —_—
M4(W3 mn+1 + M11(Tz=0)mn+1 + M6}‘00 (rBZ z=g> mn+1 + Nmn+1’ (79)

3

2
+ M 5 (1|f§)

o)
A SE (Wi)mn mn = M7(W{)mn + MS(W{)mn+l - M9(w§)mn +

QT*/
/ - e/ - *
M0 T M1 TRl - Mere, ( SZ

z=0> mn + Nmn (80)
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2 9 0 -
A St ( { mn+1 + Ml g (Wili)mn+1 - MS(IP{ mn M7(W{ mn+l

oT*/ \ ~
- / R / - Y - % or*’
MlO(WB)mn M9(\JI3 mn+1 M11(Tz=0)mn+1 M6>\oo <BZ z=0\) mn+1 + Nmn+1
(81)
(m=1,2,...,6, n = 1,3,5)
where
M = - (m2+2j2)%+1\2] ,
L L
2 2. 4x® =3 _ ,
- (LY &1 - - R = =
M, = (m +2J)L (a M - k) 4[4@' T§ - F (T, + T, +T,) +
— Az ]_
+ F (T, +T.) BA =
2 2 2p2 cp T2
a2 s L a  owm vz -t -w
hy=my [ Mt TPy gy Bge YL A (g - Tg) ] ’
2 2 4x® 2 =3 ! = - '
M4—(m + 2j )LT(aA +ki)+4[4¢T2 T2-F(T2+T2+T2)+
= = gAz 1
+ F (T, + T.) ] =
2 2 2p2 cp T2
ZﬁAzu
M =m 140
5 L
2
M - ARg
6 2p.f.c
2707p
2 2 4ﬂ2 k
M, =M + " +2j7) —/— - |T+k
4 2 2
L
2
voe o n 27A u3+o
8 L ?
2 2 4n2 3k
M9=M2-(m +2_])—L2 (—2+k1)

58




o - b 2 g
Mo=m7 [ T MTayg T Bty My Fyye T ) T Ay 7 o) ] ’
an R = - = 1
- _ / oA L
M11 fopch [ F (T4 + T4 + T4) + F (T + TA) ] Tl/+

j=1 when n=1, j=2 when n=3, and j=3 when n=5. N  are the terms derived from
the quadratic terms of the vorticity advection and the temperature advection at
level 1 and Ny, are the terms derived from the quadratic terms of the vorticity

advection and the temperature advection at level 3.

It is planned to integrate these equations numerically using the Runge-Kutta
method. As a first approximation, we assume that the non-linear terms in Equa-
tions (72) to (77) can be neglected. Then these six equations for the mean zonal
winds will be solved simulataneously with the solution for the mean surface
temperature.

During the next year, the equations for the mean zonal velocities and the
mean zonal temperatures will be programmed. Once the mean zonal velocities and
temperatures are obtained, they can be used as input to the perturbation equa-
tions, solutions of which will provide information on the longitudinal variations
of the circulation and temperature field. The perturbation equations for this
problem will be also completed during the next year.
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APPENDIX

ACCURACY OF LORENTZ LINE SHAPE

At high altitudes (low pressures) the shape of absorption lines
changes from a Lorentz shape, which is assumed in our calculations of
Martian temperatures, through a mixed shape tothe Doppler shape. The
height in the Martian atmosphere at which the transition to a Doppler
shape takes place can be estimated following Rodgers and Walshaw (1966).
A mixed line consists of a Doppler core and Lorentz wings. If the line
is fully absorbed as far out as the Lorentz wings, the Doppler core
makes no contribution to the transmission gradient. The point at which
the Lorentz wings begin is given by

k =k (A-1)

where kvL is the Lorentz absorption coefficient and ka is the Doppler
absorption coefficient. Substituting the complete expressions for these
absorption coefficients, we obtain

(04

2
k L k -
ERN P N e < V2> (-2
v + aL aD Tt aD

where k is the line intensity, v is measured from the line center, and o,
and O0p are the Lorentz and Doppler half-widths. With x = v/Qp and y =
aL/ab’ (A-2) becomes

2
y=vr &% +y% X . (A-3)

If the criterion of blackness is taken to be about 2 percent trans-
mission, then a Lorentz line is 'black out to that frequency at which
the transmission is 0.02, or

kaLm

T = exp(-k m) = exp - [ ] = 0.02 . (A-4)
Y ﬂ(v2 + aLz)

This corresponds to a value of x given by
1/2
km
x=y[m——l} . (A-5)
L
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The amount of absorber, m, between a pressure level p and the top of the
atmosphere, and the average Lorentz half-width, Oy, for such a path are
given by

m = %B and a = (A-6)

where O 1is the Lorentz half-width at STP. Substituting these values into
s
(A-5), we obtain
1/2

kwpS }
X=y EE;EET -1 . (a-7)
s

Letting 7 = kpr/ZmaL g, and combining (A-7) with (A-3), we obtain
S

yn ¥ exp [ yz(n—l)] =1 . (A-8)

This relationship determines the height above which Doppler broadening
must be considered. According to Rodgers and Walshaw (1966), the value
of n for the 15u COy band in the Earth's atmosphere is 1200. For a
Martian COp mass mixing ratio of 0.5 and gravitational acceleration of
373 cm sec™2, the value of 1 in the Martian atmosphere is 2.9 x 103 as
large, or 3.5 x 109,  From (A-8), we then obtain a value of y equal to
1.62 x 103 for Mars' atmosphere. Since

% 3
y==l=1.62x107",

o

and Op = 7 x 10'4 (Rodgers and Walshaw, 1966), then oy = 1.13 x 10-6.

The pressure level in the Martian atmosphere corresponding to this value

of aL is given by

and is equal to 1-6x10_2mb. Thus,belpw(in height)pressure levels.of 1.6x10"

mb, the neglect of Doppler broadening is justified. For a Martian atmos-
phere scale height of 9 km and surface pressure of 10 mb, this corresponds
to a height of 58 km.

2
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surfaces at other latitudes, all as a function of
latitude, from O to 90 degrees.
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SECTION VII

SPECIFIC DESCRIPTION OF TABLES 4A AND 4B

Tables 4A and 4B are formally arranged to present geopotential dif-
ferences H¢ - H, for various latitudes as a function of the second
argument pair such that the differences Hy -~ Hp are related to the
integral values of Hp through the non-integral values of Zp. The con-
cept of the variation of values of Hy - Hp as a function of H,, implicit
in the basic format of these tables provides the same difficu?ty of com-
prehension as that provided by the format of Tables 2A and 2B. Tables
4A and 4B are more understandable when considered as the variation in the
values of H, - Hg as a function of latitude (columns 3 through 9) for
each member of a large set of equal-geometric-altitude surfaces Zp
(column 2) equivalent at the reference latitude to a corresponding set
of geopotential altitudes HR (column 1) expressed in integral multiples
of one m/ or one km/.

Tables 4A and 4B are intended primarily to provide the geopotential
adjustment required when atmospheric models expressed as a function of
geopotential altitude at the reference latitude R are applied to other
latitudes. Column 10 of Table 4A contains values of Hg - Hp as a function of
of HR corresponding to geometric altitudes between sea level and 700 km.

As in Table 3 no values of Hg - Hg are given for altitudes above 700 km.

Figures 4.1A, 4.1B, 4.2A, and 4.2B provide the graphical represent-
ations of the data of Tables 4A and 4B. In this instance, as in the
previous cases, the figure notation follows that discussed for the figures
associated with Tables 1A and 1B. No values of Hg - Hp are given in
these figures.
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TABLE 4A

GEOPOTENTIAL DIFFERENCES BETWEEN A SERIES OF GEOMETRIC-ALTITUDE SURFACES AT A
REFERENCE LATITUDE AND THE SAME GEOMETRIC-ALTITUDE SURFACES AT OTHER LATITUDES,

INCLUDING THOSE IN THE US STANDARD ATMOSPHERE, ALL AS A FUNCTION OF THE
GEOPOTENTIAL EQUIVALENT OF THE EQUAL GEOMETRIC-ALTITUDE SURFACES, 0 to

GFOPO- GEOMET,
TENTIAL ALTITUDE
HRM’) Zﬁm)

Oe 0«0
250 25040
50N, 50040
750, 75040

1000, 10001
1250 125062
1500 150043
1750 17504
2600, 200046
2250 225067
2500, 250049
2750 27511
3000 30014
3250. 325146
3500 35019
3750 37522
4000 400245
4250, 425248
4500, 450361
4750, 475345
5000 500349
5250, 52543
5500 550467
5750 575542
6C0Ne. 600546
6250, 625641
6500 65066
6750 67571
7000. 70077
7250 725842
7500 75088
7750 77594
800N, 801040
B250. 82607
8500 85113
8750 876240
9000 90127
9250 926344
9500 951442
G750, 97649
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_207
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-11e4
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H, -H

¢ R

-0e0
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~le2
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-4l
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-5 08
—6eb
=740
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~-8e7
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_1107
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=134
-14.0
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—11.3 -—od 105
=11e6 X 10.8
-12.0 -o 4 11l.1
-12.3 —-e5 115
=127 -e5 118
-13.0 -e5 121
-13+4 -e5 124

VNP WWNNE-OO
e & & o © & & & o o
OV OCHODNN—OC

e & o o o 0 ¢ 0 o o
VO LOWNNO

[y
QO VWVwW~NJOOWm

-
—
.

N

-
—
@®

123
12.9
13.4
1440
14.6
1561
157
1643

1648
1764
17.9
1845
19.1
19.6
202
2047
21e3
219

® o 0 0 0 06 0 0 o o
oMMV ONOCVWOO I

VOV PEWOWN-=-HOO

b
H OWVVOVONNdO
e o © o o & & o
PN O SN W

P
N
L)

W

13.0
1346
1443
14.9
1546
162
1649
175
18.2
188

1945
2061
2048
2le4
2241
227
234
240
247
2543

H

_HR

-0

-e0
-0
-0
_.O
~-e0
-0
-0

-0
—e0
)
-0
-0

=0
—e0
-0

_.O
_.O
-0
-0

-0
—e0
-0
-0

-e(0

-0
-e0
-0
-a0
-0
—e0



GEOPO- GEOMET.
TENTIAL ALTITUDE
HR( m/) ZR(m)
10000, 100157
10250 1026645
10500. 1051743
10750 1076842
11000 1101940
11500, 1152048
12000, 1202246
125C0. 1252446
13000 1302646
13500 1352847
14000 1403049
14500 145331
15000, 1503544
15500. 1553748
16000, 1604043
16500 1654249
17G00. 1704545
17500 1754843
18000 180511
18500, 1855349
19000, 1905649
19500, 1956040
20000 200631
20500 2056643
21000 2106946
21500, 215729
22000, 220764
272500 2257949
23000. 23083.5
23500. 23587.1
24000, 240909
24500 2459407
25000 2509847
25500, 2560267
26000, 2610647
26500 266109
27000, 271151
27500 276194
28000 28123.8
28500 2862843
29000, 291329
29500 296375

Ho =Hg
=269
—27.5
‘28.2
-2809
=296
"3009

‘32.2
-33.6
-3409
-3643
~-37456
=390

-4003
~41e7
-4300
“44.4
-45.7
4741
-48.4
‘49.8
“r)].o]
-5245

-53.8
-55.2
-56e5
-5749
=-5942
-6046
~-61.9
-63¢3
6447
6640

—67.4
‘6807
=701
-Tle4
-T72.8
-T4.1
-7545
-T768
”78.2
‘79.6

TABLE

¢ R

=233
-2309
—24e5
-25e1
=257
~-26e8

~-28.0
-2902
~30e4
=31e5
—-32e7
'33.9

=350
-36e2
-37.4
-38e6
-39.7
-40e9
‘42.1
—-43e2
=44e 4
-45e6

468
~479
-49.1
=503
~51e5
=-52+6
-5348
=550
-56e2
-57+3

~58e5
~59e7
-60e9
—62e0
-63e2
-64e4
~-65e6
~668
-67e9
-6961

4A CONTINUED

LATITUDE ¢

30 45

(DEG)

60

He~HRr He"Hr Hy Mg

-13.7 -¢5
-14.0 -e5
-1444 -e5
~-14e7 -e5
~-15.1 —eb
—-15.8 —-eb
~-16e5 -eb
-17.1 -eb
—17.8 -7
-18e5 -7
~19e2 ~e7
-19.9 —07
-20e6 —e8
-2103 —'8
-21e9 -8
—22e6 -e8
~23e3 -9
—24e0 —e9
—24e7 -9
“25.4 -e9
—26e1 =140
~26e8 ~1e0
—-275 -1e0
-28e1 -1e¢0
—~28e8 -—1el
—29e5 -1le1
~30e2 ~1lel
—30e9 ~lel
—31e6 -1e2
=32e3 ~1e2
=33.0 =-1le2
-33e7 -1e2
—34e4 —1e3
=350 =143
=3547 =143
—36e4 =1e3
~37el =1le4
—37e8 —1le4
=385 -le4
=-39¢2 -le4
-3949 -145
=406 =-1le5

1247
1340
13e4
1347
1440
1446

153
15.9
1646
1742
178
1845

19.1
198
20e4
2140
217
223
2360
2346
2462
2449

2545
2642
2648
2T el
281
2847
294
3060
30.6
313

319
3246
3362
33.8
3445
351
3548
36e4
3761
37«7

75
Hy =HR

2204
2340
2346
2401
2467
2548

2609
2840
2962
30e3
3let
3245

3347
3448
3549
3761
3842
3943
40ek
4146
4247
4348

4449
466l
4762
4843
5066
51le7
540
5561

562
S5Tett
5845
5946
608
61le9
6340
642
653
66t

90
He=H R

2600
2666
273
27«9
285
299

3162
3245
3348
351
364
377

3940
403
4146
4249
4462
4565
468
4842
4945
508

521
5364
547
560
573
5846
5949
612
6245
638

652
665
6748
69!
T0e4
Tle7
730
T4e3
T5e6
770

H

65

s7HR

-0
-+0
~e0
-0
-e0
~e0

-0
~e0
—.O
-0
-0
—e0

-0
-G
—e0
~e0
_.C
-0
-0
-0
-0
-0

_.O
-0
'.0
-0
-0
—eD
_.O
_.O
-0
-0

-0
-0
-.f')
-0
_.O
_.O
—.0
_‘O
-0
-0



GEOPO- GEOMET.
TENTTAL ALTITUDE
HR(mh Z ﬂm)
30000, 3014242
30500 3064760
31000 3115149
31500, 31656.8
32000 321619
33000, 331722
34000 341828
35000 351937
36000 3620540
37000 3721646
38000, 38228.5
39000, 3924067
40000, 4025342
41000, 4126601
42000 422793
43000, 432928
44000 4430666
45000, 453208
46000, 4633543
47000, 4735060
48000, 4836562
49000, 4938066
50000 503963
51000 51412 e4
52000 524288
53000 5344546
54000 544626
55000 5548060
56000 564977
57000 575157
58000 585340
59000 595527
60000, 605717
61000, 615910
62000, 6261066
63000 636306
64000, 646509
65000 656715
66000, 666924
67000, 6771366
68000, 6873542
69000, 69757.1

66

H, =H

¢ R
~80,9
—82.3
-83.6
-850
~86e3
—89,.1

-91.8
-94.5
-97.2
-99.%
-102.6
-105.4

-108.1
~110.8
‘1]3.5
-116.2
-119.0
-12147
-12445
“‘127.2
-129.9
’13?07

"135.(&
-138.1
~14049
-143,.,6
-14602
—149|1
_15108
-154 46
‘15703
-160.0

-162.8
“165.5
~16843
=-171.0
-173.8
-17645
-179.3
-182.0
_18408
-187.,5

TABLE 4A CONTINUED

15

H, -H

¢ R

~7043
-71.5
-7247
-7348
~7540
-7t

-79e7
-82e1
-8445
-86e8
~89.2
~91e5

—9309

=963

-9846
~-101e0
-103.4
-105.8
-108.1
-110.5
-112.9
-11542

-117.6
-12040
-122¢4
-124.8
=127.]1
-129.5
-131.9
-134.3
—-136e7
~-139.0

-141e4
-143.8
=-14642
-148.6
-151.0
-153e4
-155.8
-15842
-160.5
~16249

LATITUDE ¢
30 45
H &HR H¢—H
—41e3 —-1e5
~4240 ~—1e5
—42e7 ~1le6
~4343 -le6
4440 -le6
—-4544 -1le7
—4648 -1le7
—4842 -1e8
~4946 ~]1e8
-5140 ~-1e9
-5204 -109
-53,7 ~2e0
-55.1 -2e0
-56e5 -2l
-57.9 -2l
-59,3 —-2e2
~60e7 —2e2
-62.1 ~2e3
"6305 "203
~64,4,9 -2 4
—66e2 -2l
-67¢7 —2e5
-6G.1 =25
-70e5 —-2eb6
~T719 -2e6
-73.2 -2e7
-T7446 —-2e7
—T7640 =268
—TTelt =248
—-T78.8 -2e9
~80e2 =29
-8le6 =340
—-83.0 =30
~84elt =341
—85.8 -3.1
-8742 ~342
—88e46 -3e2
—90e0 =343
-91e5 —3e3
‘9209 —304
=9443 -3 e4
—-95¢7 =345

(DEG)
60

H, —H

¢
383
39.0
3946
403
4069
422

R

4345
4448
4601
47 o4
4846
4969

51e2
5245
5348
55.1
564
577
5G40
603
616
629

64e2
6545
6648
681
694
707
72«0
7362
7445
758

772
7845
798
8l.1
82e4
8347
8540
8643
8746
8849

R

783
71946
8069
822
8345
86e1

8848
9lebs
9460
967
9943
101.9

104 .6
10742
109.8
l12.5%
1151
1177
12064
12340
12547
128.3

131.0
13346
1363
138.9
14145
14442
14648
14945
15242
1548

157.5
1601
162.8
16544
168e1
1708
173 .4
1761
17847
181.4

HS-HR
-0
—.O
—e0
-0
-0
-0

...O
_.O
_.0
—e0
-.O
_.O

-oC
-e0
-0
-e0
—.O
-0
—e0
—el
-el
~el

-l
—el
-l
-l
~el
~el
-l
—el

-el

-l
-el
=l
-l

~el
-el
_.1

—el




GEOPO~
TENTIAL

’
HR(m )
70000
71000
72000
73000,
74000
75000
76000,
77000
78000 4
75000,

80000 .
81000
B2000.
83000,
84000
85C00N
86000,
87000
88000,
89000,

90000,
92000,
94000,
96000
98000

100000.
1072000,
104000,
106000,
108000,
110000
112000.
114000.
116000,
118000,

120000
1250004
130000,
135000
140000
145000,
150000,
155000,
160000,
165000

GEOMET.
TITUD

AL uo

ZR(W

707794
718019
7282448
7384840
748715
7589544
769196
7794441
7896849
796941

8101946
820454
830715
8409840
8512448
861519
871794
88207.2
8923543

9026347

9129245
9335140
954108
974720
9953444

1015982
103663.3
10572947
1077975
10986646
11193740
11400847
1160817
1181561
120231.8

122308.8
1275073
13271440
13792942
1431527
14838447
15362540
158873.9
16413141
1693969

0
He MR

-190.3
“193.1
-195,.,8
-1984.6
~20143
‘204.1
=-20649
-209.6
=21244
-21542

21749
"220.7
~2235
-22642
_22900
-231.8
-234.5
-23743
‘240.1
-242.9

-24506
=-251.2
-25648
=26243
-26709

—27305
“?79.1
-284.7
-29042
-295.8
-301le4
-307.0
~312.6
-318.2
"323.9

-329.5
-343.5
—-35746
-37108
-385.9
~-414,4,3
-42845
~44247
"'457 .O

TABLE 4A CONTINUED

i5

ﬁb HR
-16543
1677
~170e1
-17245
-1749
-177.2
-179.7
-182.1
~18445
-1869

-189.3
-191.7
~194.1
-19645
-198.9
—-201e4
-203.8
-206e2
-208.6
-21140

-213e4
-218e2
-223.1
=227.9
-232.8

-237«6
2424
-24743
-25242
-2570
-261e9
—266e¢7
~27146
-27645
-281le4

-286e2
-29845
-310.7
-323.0
-335.3
~34746
~359.9
~372.3
-384.7
~397.1

LATITUDE ¢
30 45
H¢ HR F% HR
~97«1 =345
-98e¢5 ~3e6
~99.9 —3e7
-101e2 =37
-102e7 ~3e8
~-104.1 ~3e8
-10545 -39
‘10609 —3-9
-108472 —4e0
-109.7 ~-4Le(
~111e2 —4el
~112e6 =401
‘11400 -bhe2
~-11544 —-bLe?2
—116e8 =443
-11842 -4e3
—119e6 =4e4
~121el ~be4
=122e5 =445
~-123e9 =445
-125e3 —4e6
-128e1 =407
-~131.0 ~4e8
-133.8 -4 9
~136e7 -5e¢0
-139.5 -5e1
—1420‘} —502
14562 =563
-148e¢1 =564
~-15049 ~5e5
-153.8 =546
~156e6 —-5e7
-159¢5 ~5e8
1622 =549
-165«2 ~640
-168¢1 =61
~175e2 -6He4
-182e4 -6e7
-18946 ~6e9
-196.8 —Te?2
-204e1 =745
-211e3 =747
-218+6 =840
2258 ~-843
~233e1 -85

(DEG)

60

-H
H¢ R

902
91e5
928
9461
95e 4
Fbe7
9840
993
1007
10240

1033
10466
10549
10762
10845
1058
1112
1125
1138
11561

116e4
119.1
1217
1243
12740

12946
13243
134.9
1375
14042
14248
1455
14842
150.8
1535

15641
1628
16945
17642
182.9
189.6
19643
203.1
209.8
21646

90

H ~H
¢ R
18441
18647
169 a4
1921
19447
197 ¢4
2001
202 .8
205 e4
208l

21048
213,.5
21601
21848
2215
224 62
2269
22965
23242
23449

237 6
24340
248 o4
25387
2591

264 5
2699
275432
28067
28641
291.¢
29740
30244
3078
31342

31847
3323
34569
35946
37343
38740
40047
41465
42843
44261

H_ ~H
S
-el
~el
-l
-el
-el
-el
-2
-e2
~e2
_.2

-2
—.2
-
-2
-2

-2

~el
~e2
-2
-2

~e2
—e?2
~e2
—e3
~e3

—e3
-3

—03

~e3
—e3
-l
—eo4
—e4
—el
~el

"04
~e5
—e5
_.6
—eb
-7
-8
~e8
-9
-1le0

67

R



GFOPO-

GEOMET.

TENTTAL ALTITUDE

Hy (/)

170,
175,
180,
185,
1590.
195,

200.
205,
2104
215
220
225
230,
235.
2640,
245,

250
255,
260,
265
270
275
280
285,
290
2?95,

300,
310,
320,
330,
340,
350,
360.
370,
380,
390,

400,
410
4204
430,
440,
450,
460,
470,
480
490,

68

Z_(m)
rE

1746712
17995440
18524544
1905454
19585349
201171.1

2064969
21183143
21717445
22252643
22788648
233256.1
23863442
24402160
2494167
25482142

26023445
26565647
27108748
2765278
2819767
28743447
29290145
2983774
3038624
30935643

3148594
32589247
33696247
3480694
3592129
37039346
38161146
392867.1
40416042
4154911

42686002
4382674
44971361
46119744
47272045
48428247
49588440
5075248
51920542
5309254

H¢ HR
-471 44
‘485.7
—500.0
=514 44
~528.8
-543,3

-55748
=572e2
~58648
-601.3
-61509
-63045
-64501
-659.8
-674e5
-689,2

-703.9
=718.7
"733.5
~74843
-763.2
~77840
=792.9
-807.9
~822.8
~-837.8

~85248
-882.9
=-913,.1
~-943 44
=-973.8
-1004 44
-1035.0
-1065.8
-109606
~1127.6

~1158.6
~1189.8
~1221.1
=-125245
-128‘4.0
-1315.6
-13‘67.3
-1379.1
-1411.1
~1443,1

TABLE 4A CONTINUED

15

H®—HR
~409e5
-42169
-434e4
44669
-459%9e4
47240

—484 46
49761
~509+8
-522e¢4
-535.1
~547 48
-560e5
~573e2
—-58640
-59847

-611e5
-624e4
-637e2
-650e1
~663e0
-6759
-688.9
=701.9
-714.8
-7279

-740.9
-767e1
~-793e3
-819e6
-846e1
—-87246
-89942
-92549
-952.7
-9759¢6

-100646
-103347
-1060.9
~1088.2
-1115.5
-114360
-1170+5
-119842
-12259
=1253.7

LATITUDE ¢ (DEG)
30 45 €0
Hy,~Hp HHR M -Ho
-24004 —808 223.4
=247 7 =Gl 2302
-255e1 =93 2370
—262-4 —906 243-8
—26%9e7 —9e9 2506
=-27T7el —~10.1 2575
~284e5 =10e4 264473
=291e9 =10e7 2712
=299¢3 ~1049 2781
-30607 -1102 28500
—31442 =115 291.9
—=321e6 =118 29848
=32%9e1 =1240 3057
=336e5 =123 31247
=34440 ~1246 3196
=351e5 —-12.8 32646
—359¢0 =131 33346
=366e6 =134 34046
-37441 =137 347 e6
-38107 -13-9 354.7
-38903 ‘1402 36107
—396e9 =145 3687
=40465 =148 37548
—-412e1 =151 38249
=419e7 =153 35040
-42704 ‘1506 39700
43540 =159 40462
=-450e4 ~1645 41864
46547 =170 4328
—48102 ‘1706 447.1
4967 =182 46145
—512e3 ~1848 4760
~527¢9 =1943 49045
~543e6 =1949 5051
=55%9e¢4 =2045 5197
=575e2 =210 5344
~591e0 =21e6 54961
—606e9 =222 56369
—622¢9 —2248 5787
—638e9 =234 59346
—65469 =239 6085
—671lel =2445 62365
-687¢3 =251 6385
~703e4 =257 65347
=719e7 =263 66848
~736e1 =2649 68440

75
He-HR

393.5
40545
41765
42945
44165
45346

46546
477.8
48949
50240
51442
5264
53846
55048
5631
5754

5877
60040
612.4
62448
63761
64946
66240
67445
68740
6994

71240
737.1
Té62e4
7877
8l13,1
83845
86401
889.8
91545
941.4

96743

99344
1019.5
10457
1072.0
10984
1124.9
1151.5
1178.1
1204.9

90
He=Hg

45549
46948
48347
497 6
5115
52545

53945
5535
5676
58146
59547
6098
62440
63842
6524
66646

68049
69542
709.5
7238
73842
15266
7670
78le4
79549
8104

82449
85440
8832
912.6
94240
9715
1001.2
1030.9
106047
1090.7

112047
115049
1181.1
121145
124240
1272.6
130342
133440
13649
1395.9

-1le6
~le7
—1e8
—240
-2.1
=22
~-2e3
=25
-2e6
=248

—-2¢9
=31
-3.3
-3e4
—3e6
-3e8
—4e0
—4e2
~bheb
446

48
543
58
—6e3
-5e9
—T7e5
-8.1
~8e8
-9e¢5
=103

-1101
-11.9
-1208
~13.7
—14.7
~15.7
‘16.8
~17.9
-19.1
“2004



GEOPO~-
TENTIAL

km?
HR(

500,
510
520
530,
540
550
560
570
580
590

6004
610,
620
630,
640,
650,
660
670
680
690

T00e
710,
720
730.
740
750
760
770
780,
790,

800
820,
840.
860
880,
900,
920,
940.
G960
980,

1000.

o2

GEOMET.
ALTITUDE

R(m)

5476856
55448641
56632740
57820845
5901309
602094 ¢4
61409941
62614543
63823343
6503631

66253561
6747494
6870064
699306.1
71164848
72403448
736464 e4
74893746
761454 .8
77401662

78662149
76977243
81196745
82470840
837493.8
8503251
86320244
87612548
88909544
5021117

91517448
94144247
96790140
994551 48
10213973
104843945
107568048
1103123.1
11307689
115862043

1186679.8

0]

Ho™™r
—147543
~150745
-153949
—1572 44
-1604 49
—163746
~167044
-1703.3
173643
~1769 o4

-180267
~183640
~1869.4
-1903,0
-1936.6
-197044
-2004.3
~2038.2
-2072.3
-2106.5

-2140,.8
217547
-2209.8
—2244 44
-2279.1
—-2314.40
—234849
-2383.9
—-2419,.1
-2454 44

—-2489,.8
-256049
~263243
-270443
=277647
-284945
‘292207
-299645
-307045
-3145,.1

-322040

TABLE 4A CONCLUDED

15

Hy "He
~128147
-130947
~1337.8
~136640
—1394.4
~142247
~145142
—1479.8
-1508.5
-153742

~1566.1
-1595,.1
-1624.1
-16534¢3
-168245
-1711.9
-1741e3
-177048
-1800e4
~-1830.1

-1859.9
-18839,.8
-1919.8
-1949.9
-1980.1
~2010e4
-2040e7
-2071.1
~2101.7
=2132e4

-2163e2
=222449
-22870
=234945
=2412e4
~2475e7
-2539.3
-2603e3
26677
=2732+5

-2797.5

LATITUDE ¢
30 45
Ho™Hr " Mg
-752e¢5 =275
~768¢9 =281
—78505 -2807
~802¢0 =293
-81l8e7 =299
-8356e3 ~30e5
_852.0 ‘31,-2
-B868e8 =3148
-885e6 =323
=-902e5 =330
—91905 -33 46
—936e5 =342
—953e5 =348
-970e7 =355
-987e9 =361
-1005e1 =3648
~1022e2 =373
-1039«7 ~3840
-~1057el1 —-38e7
-1074e5 =39e2
~1092+0 =399
-110%9e6 =406
=1127e2 —41e2
11448 —41e8
-1162e5 =42e5
-1180e3 =-43a1
-119842 -4348
-1216e0 =~44e4
-1236e0 —45.1
-12520 —4548
=127060 —46 et
~1306e3 —~477
13427 =490
~137965 =504
~1416e4 =518
=1453e6 =5342
14908 =5445
-152845 =559
-1566e3 =573
~1604e3 ~5847
~1642e5 =600

(DEG)
60

H -H

¢ R

£99e2
7145
72948
74562
7606
77662
7917
80743
82340
83846

8544
8701
88640
901.9
9179
033.9
9500
966.0
98242
99845

101447
103140
104743
106348
10802
1C96e7
11133
113040
114646
116343

118060
1213.8
12477
1281.8
1316.1
135046
128544
142042
145544
14907

152642

75

Wb HR
1231.7
125846
1285.6
13127
1339.9
126743
1294.6
142241
144547
147763

15051
153249
156048
158848
161649
1€45.1
167344
170148
1730.2
175848

178745
181642
184540
187349
190249
193240
1961.2
199045
2019.8
204943

207848
2138.2
219840
225840
231844
2379.2
244044
25019
256348
262640

268846

Y0

H -H H -+
¢ R S
14270 =2147
1458e2 =2340
1489 ¢5 =2445
152069 =260
1552e4 =275
1584¢l1 =292
161508 "3009
16476 =326
1679e6 =34e5
171106 —36.4

17437
17759
180843
184048
187343
1906.0
1938.8
19716
20046
20377

~-38e4
~40e5
=426 7
~4449

20709
210442
213745
21711
22047
2238 e4
2272 ¢
23061
23401
237443

2408 4
24773
254645
261601l
2686el
275645
2827 o4
289847
2970Qe4
304265

3115.0
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GEOPOTENTIAL DIFFERENCES BETWEEN A SERIES OF GEOMETRIC-ALTITUDE SURFACES AT A

TABLE 4B

REFERENCE LATITUDE AND THE SAME GEOMETRIC-ALTITUDE SURFACES AT OTHER LATITUDES,
ALL AS A FUNCTION OF THE GEOPOTENTIAL EQUIVALENT
OF THE EQUAL GEOMETRIC-ALTITUDE SURFACES, O to 3,900 km/

GFOPO
TENTIAL

HR(km’)

1000
1020
1040,
1060
1780
1100,
112C.
1140,
1160
1180

1200,
1270
1240
1260
1280.
1300,
1320,
13‘*0.
1360
1380,

1400
1420,
1440,
1460
11&800
1500
1520
154C.
1560,
158Ce.

160C,
162C.
1640,
1660
1680,
1700C.
1720,
1740,
176C.
1730,

70

GEOMET,

ALTITUDF

ZR(km)

1186468
1214495
1243443
12724173
130104
1330.18
1359.%54
1389412
1418493
1448497

1479424
150975
1540450
1571649
1602473
1634421
1665494
1697492
1730416
1762466

1795642
1828445
1861674
1895.31
1929415
1963427
1997467
2032436
2067434
2102461

2138.18
2174605
2210422
2246470
2283449
2320460
2358.03
2395.78
2433486
264672.28

0

H . -H

¢ R

-3.22
-3¢30
"‘3.37
-3e45
-3.52
-3460
-3468
—3076
"3.8[4
‘3.91

-3.99
4407
-4e15
~4423
‘4.31
—40140
-4e48
~4456
—4 464
~4e73

-4.81
-4089
‘4-98
-5406
"5.15
-5e¢73
-5e32
-5e41
-5 e 49
-5458

-‘5.67
"5076
-5.85
“‘5094
-6.03
-€tel2
-6e21
-6430
-6039
-6 e48

15

H ¢ R
-2480
~2486
—7493
-3+400
-3 406
~3.13
~3420
-3.26
~3e¢33
-2.40

—-3e47
-3e54
-3.61
—3468
-3e75
-3.82
-3489
~3e96
"Q.O3
461l

-4418
-4e25
-4e33
-4 440
~4eb47
-4455
-4e62
-4470
4077
-4e85

-4493
-5000
~-5408
-5e16
-5.23
-Se31
-5e39
-Set&t7
-5e55
-5e63

LATITUDE ¢

30

H¢-HR
~1e64
-1468
~le72
-le76
‘1080
~1le84
-1.88
-1le92
—1096
-2400

-204
-208
-2e12
=216
~220
~2e24
—2.28
-2e33
‘2.37
“2-101

=245
—-250
“2.54
~2e58
—2e63
—2467
=271
=276
-2.80
—-2485

-2489
"2094
—2498
—3403
—3007
-3012
=317
=3421
-3e26
-3.31

H

45

-H

¢ R

-e06
-+06
-+06
-+06
-e07
~e07
~e07
-e07
-e07
-¢07

--07
-.08
-+08
-.08
-«08
-e08
-+08
-+09
~-e09
-009

-+ 09
-+ 09
-.09
-+09
-+10
-e10
-«10
~el1l0
-e10
-«10

-ell
~ell
“011
-.11
-ell
—ell
~el2
-el2
-el2
-e12

{DEG)

60

H¢-HR
1453
l.56
l1.60
1,63
le67
le71
le74
1.78
l.82
1.86

1.89
193
le97
201
2405
208
2612
2e16
220
2624

228
2632
2636
240
2044
2448
2652
2656
2460
2465

2069
2473
2677
2481
2486
290
2694
299
3.03
3407

H

75

o~HRr
2469
2.75
2.81
2.88
2494
3,01
3.07
3.14
3,20
3,27

3.33
3640
3e47
3¢54
3460
3467
3674
3481
3.88
3495

4e02
4409
4elb
4e273
4430
437
4el4y
4452
4459
4466

473
4481
4.88
4496
503
5011
518
Se26
5434
5641

90

"R
3412
3619
326
3e3¢4
3e41
3448
3e56
363
3671
3e79

3486
3694
402
410
Lel7
4e25
4433
4e41]
4049
457

4465
473
4082
4490
4498
506
515
5623
532
540

5e49
5e57
566
574
583
5692
600
609
618
627



GEDPO
TENTIAL

Hg( km/)

1800,
1820,
1840.
1860.
1880,
1900,
1620,
1940,
1960.
1980,

2000,
2020,
2040,
2C60.
2080.
2100,
2120,
2140,
2160.
2180.

2200,
2220,
2240,
2260,
2280,
2300,
2320,
2240,
2360,
2380,

2400,
2420,
2440
2460,
2480,
2500,
2520
2540,
2560
2580

GEOMET»
ALTITUDE

zR(km

2511403
2550412
2589456
2629435
2669450
2710.,00
2750488
2792.12
2833473
2875473

2918411
2960.89
3004406
3047.63
3091.61
3136.00
3180481
3226405
327171
3317.82

3364437
3411437
3458.82
350674
3555413
3603499
3653434
3703419
3753453
3804437

3855473
390762
3960403
4012.98
4066448
4120653
4175414
4230633
4286410
4342446

0
Hy ~HR

6457
6466
676
~6485
-6e94
-7.04
~7.13
~7e23
-7e32
-Te&2

752
-’7061
~771
-7.81
=791
-8401
-8411
-8.20
"8030
-840

-8.51
-8461
-8.71
"'808].
-8491
-9.02
-%.12
-%9.22
-9.33
=943

-5e¢54
-9e64
-G475
-9.86
-%.96
“10.07
-100 18
-1C.28
-10439
-10'50

TABLE 4B CONTINUED

LATITUDE ¢

30
He~Hr
~3e35
=340
=3e45
~3¢49
-3054
~3e59
=3e64
-3 069

-3e74
~-3479

—-3.83
-3.88
—3493
—-3.98
_4003
-4.08
-4013
—44619
-4024
~4e29

4434
~-4.439
~Lely
°4049
-4455
_4060
4465
"4.71
"4.76
"4081

-4.87
‘4092
4497
-503
-5.08
"5-14
-5019
’5.25
_5030
-5036

45

~-e18
~.19
"019
-e19
-e19
-19
-e20

(DEG)

H

60

o HR
3,12
3,16
3,20
3,25
3,29
3,34
3,38
3,43
3e47
3452

3456
361
3666
3470
3675
3480
3.84
389
394
3499

4403
4408
4413
4018
423
4428
4e32
4637
4042
4ol

4652
4457
4462
467
4LeT2
4e78
4483
4488
4093
498

75

WD—H R
5049
557
5664
572
5480
588
5496
6.04
6el2
6620

6428
6¢36
6ol 4
6e52
6e61
6469
6677
6485
6e94
Te02

7ell
7619
Te28
7636
Tet5
Te53
Te62
Te71
Te79
7.88

7«97
8.06
8el4
8423
8632
8e41l
8450
8459
8.68
8.78

90

Ho —Hg
636
6645
6054
6663
6e72
681
690
700
709
718

Te28
Te37
Telb
Te56
Teb5
Te75
7e84
TeG4
804
8el4

B8e23
833
8e43
8453
Be63
B8e73
883
893
9403
913

923
933
9e44
954
Geb4
Se75
985
996
1006
1017
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G

TENTIAL

Hy Cin?)

72

EOPO

2600,
2620
2640,
2660,
2680
2700,
2720,
2740
2760
2780,

2800,
2820.
2840,
2860,
2880,
2900,
2920,
2940,
2960,
2980,

3000.
3020.
3040,
3060,
3080.
3100,
3120,
3140,
3160,
3180,

32Nn0,
3220
32400
3260,
3280
3300,
3320,
3340,
3360,
3380,

GEOMET.

ALTITUDE

Z, (im)

4399442
4456499
4515418
457400
4633446
4693457
4754433
4815478
4877.90
4940672

5004425
5068449
5133447
5199.19
5265467
5332.91
5400494
5469476
5539439
5609.85

568l1e15
5753430
5826433
5900424
5975.05
6050.78
6127645
6205.07
6283466
6363¢24

6443,83
6525e44
6508.11
6691484
6676466
6862459
6949465
7037.87
7127.26
7217.86

0

H, -H

¢ 'R
~10e61
-10.72
-10.83
-10.94
-11.05
-11e17
-11.28
‘11039
‘11050
“11.62

~-11.73
-11.84
‘11.96
-12407
-12.19
-12.30
‘12.42
-12454
~12465
-12.77

-12.89
-13.0
”13.1
~13e2
‘1304
=135
-13.6
~1347
~13.8
-1400

—1401
-1442
-1443
-1445
-l4e6
-1447
-14.8
-14.9
-15.1
~1542

TABLE 4B CONTINUED

15

H,-H

¢ 'R
~%e22
~9e32
~9e41
~9e51
~9e60
-9.70
~9.80
-~9490
~-9.99

~10.09

-10.19
-10.29
=10.39
-10449
-1059
-10.69
-1079
~10.89
-11.00
-11.10

-11.20
~11.3
=11le4
=115
~11.6
=117
-11.8
~11.9
=120
-12.1

~1242
~12e4
=125
~1246
=127
-12.8
=1249
-13.0
-13.1
~-13.2

LATITUDE ¢ (DEG)

30 45 60
H¢ -HR H¢-HR H¢—HR
-5e¢41 -¢20 5403
~5e¢47 -e20 5¢09
-5453 ~e20 514
—-5458 -¢20 519
=5.64 -e21 5e24
=570 ~e21 530
-5475 -e21 535
~5e81 -e21 540
—5487 -e21 546
-5493 -e22 5e51
-5.98 ~e22 556
~6404 —e22 562
-6.410 ~e22 567
-6:16 -e23 Se73
-6422 ~e23 578
-6.28 -e23 584
-6e34 ~-e23 589
-6¢40 -e23 595
-6:46 -e24 6400
—64¢52 ~e24 606
-6¢58 -024 6.11
=646 -e 24 6e2
-6e7 -e24 602
—-6+8 -e25 63
-6.8 -e25 6¢3
-6¢9 -e25 6el
=649 -e25 65
=7.0 -e26 6¢5
-7.1 -e26 66
~T7el -e26 6e6
=Te2 ~e26 6e7
=73 -e27 6e7
~T743 -e27 608
~Te&t -e27 609
~Telt -e27 69
=75 ~-e27 Te0
~Teb -e28 7.0
~T7e6 -e28 Tel
=Te7 —-e28 Te2
=748 -e28 Te2

75
Hy=Hg

Be87
8.96
9.05
9.14
9424
9.33
Fels2
9452
9.61
9.71

9.80

9.90

9499
10.09
10.19
10.28
10.38
10.48
10.58
10.67

10,77
10.9
1140
1le1
11.2
11.3
11.4
1145
11.6
11.7

11.8
11.9
1240
12.1
12,2
1243
1244
1245
12.6
1247

90

10627
1038
1049
10459
1070
10.81
1092
1103
1le14
11.25

11436
1147
1158
1169
l11.80
1191
12.03
12414
1225
1237

12448
1246
1247
12.8
12.9
13.1
13.2
13.3
13e¢4
13¢5

1346
13.8
13.9
1440
1461
1462
144
14¢5%
1446
1447



GEOPO
TENTIAL

H_( km/
R( )

3400.
3420,
3440,
3460,
3480,
3800,
3520,
3540,
2560,
3580,

36020,
3620.
3640,
366C.
3680,
3700.
3720,
3740,
3760,
3780,

3800,
3820,
3840.
3860,
3880
3900,

GEOME T
ALTITUDE

2t Tem)

730947
740267
749741
759247
768947
7788.1
7887.8
798849
809145
8195.6

830142
840843
8517.0
8627.3
873942
B852.9
8968.2
908544
920443
9325.1

9447 .8
95724
9698.9
9827.6
995842
10091.1

0
H¢_HR

=15
-15.
=16,
-16.
‘16.
-16.
-16.
‘16.
—160
'16.

=17
"170
-17.
-170
-170
-17.
-170
-18e.
~-18.,
-18.

‘18.
-18.
-18.
-180
-19.
~-19.

TABLE 48 CONCLUDED

15

R

LATITUDE ¢
30 45
H ¢-—H R H¢ -H
=78 -3
=79 ~e3
~8¢0 -e3
=8¢0 -e3
~-8.1 —-e3
-802 -e3
-8e2 ~e3
-803 ‘03
~8e¢4 -e3
-8e¢4 ‘03
-8e5 -3
-8+6 -¢3
846 ~e3
-Be7 -3
~848 -e3
‘808 ‘03
‘8.9 -e3
=940 -e3
-9.0 ~-e3
-901 -03
-Ge?2 -03
-%e2 -3
-903 -e3
=% -.3
—9e4 -e3
~-945 -e3

(DEG)}

R

60

845

847
8e7
8.8
8.8

75

13,
13,
13,
13,
13,
13,
13,
14,
14.
14,

14,
14,
14,
14,
14,
14,
15,
15
15,
15¢

15.
15,
15,
15¢
15¢
16.

90

o~HR

15.
15.
15
15.
15.
15.
16.
16
16
16

16
160
16
16
17
17.
17.
17
17
17

17.
18
18
18
18
18
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Figure 4.1A. Geopotential differences between geometric-altitude
surfaces at a reference latitude, and the same geo-
metric altitude surfaces at seven other latitudes,
all as a function of the geopotential equivalent of
the equal geometric-height surfaces, 0 to 1,000 km’.
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Geopotential differences between geometric-altitude
surfaces at a reference latitude, and the same geometric-
altitude surfaces at seven other latitudes all as a
function of the geopotential equivalent of the equal
geometric-height surfaces, 0 to 10,000 km’.
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altitude surfaces, expressed in the equivalent geopotential
(200 to 1000 km’) at a reference latitude, and the same
five surfaces at other latitudes, all as a function of

latitude from O to 90 degrees.
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SECTION VIII

UNCERTAINTY CONSIDERATIONS

The method employed in relating geopotential H and geometric alti-
tude Z in the United States Standard Atmosphere is very sophisticated and
is assumed to involve a very small error between H and Z. The closeness
of fit between the empirically derived values, Hg and Zg, and the cor-
responding Standard Atmosphere values, H and Z, respectively, implies a
similarly small error between Hg and Zg. The method employed in computing
the relationships between HR and Zj, between Hg and Zy> between ZR
and Hy, or between Zg and Hy, as presented in this document, is a con-
siderably simpler but somewhat less accurate one than that employed in
the Standard. Consequently, the differences (Zg - ZR) and Hg - HR) may
be considered to be approximately ®Z, and SHR, the uncertainties in Zp
and HR respectively, resulting from §he less precise computational func-
tion employed in obtaining these values. From the tabulations of Hg- Hp,
the value of BHR is seen to be less than one geopotential meter for alti-
tudes of 175 km and below, and is seen to increase to 33.2 geopotential
meters at 700 km altitude. From ZS - ZR’ the value of 62R is seen to be
about 40 meters for values of Hp equivalent to Zp = 700 km.

While values of dHp and SZR are thus known, the values of SHy and
8Z4, the uncertainties in Hy and Zy respectively are not known, and could
not be determined without a recalculation of the values of H, and Z
using the techniques employed in the calculation of the Stangard Atmosphere.
It is reasonable to assume, however, that the values of ®Hy and 5Z¢ are
similar in magnitude but not necessarily in sign to the values of SHp
and ®Zp respectively. Accordingly one may assume that, for latitudes
0°, 159, 30°, 60°, 75°, and 90°, the uncertainties in the differences
(Zy - ZR) are of the order of 28Zg, while the uncertainties in the dif-
ferences (Hy - HR) are of the order of 25Hp.

With such assumptions, the uncertainties in the differences (H¢ - HR)
for latitudes 30° and 60° are seen to range from about 1 percent at 200 km
to about 6.8 percent at 700 km. Determined in this manner the percentage
uncertainties in the differences (H¢ - HR) and (Z¢ - Z,) for the latitudes
‘more remote from the reference latitude are smaller than for latitudes
30° and 60° since the differences are greater. It is quite possible, however,
that the estimated values of BHy and BZy for the latitudes more remote
‘from the reference latitude might also be greater for these latitudes.

Latitude 45° is so close to the reference latitude R that the uncer-
tainty in Hy for this altitude must be very nearly identical with the
value of BHp and the uncertainty in‘the difference (Hy - HR) for ¢ = 450
must be very small.
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Significant Figures

For altitudes below 1000 km (Tables 1A, 2A, 3A, and 4A) the results
of the calculations are given to the nearest tenth of a meter (geometric
or geopotential). It is apparent from the discussion of uncertainty in
the tabulated values of Hy - HR or Zy - Zj that the apparent precision
implied by the tabulations to one tenth of a meter is unwarranted for
altitudes above 80 km. Tabulations to the nearest meter are similarly
unwarranted above about 200 km, while tabulations to the nearest 10
meters are unwarranted above 500 km. The listing of values of Hi and
Zr to one tenth of a meter was justifiably retained to altitudes of
700 km, however, in order to obtain correct values of the uncertainties,
(Hg - HR) and (Zg - ZR), which do warrant the 0.l meter tabulations.
Between 700 and 1000 km the same format in Hp and Zp was retained for
the sake of uniformity alone.

b}

The value of Hg - Hp, that is BHp,if it were available for altitudes
of about 1000 km, would probably be close to 100 meters and could be
expected to increase to the order of kilometers at higher altitudes.
Consequently, for altitudes above 1000 km, the format of the tables has
been changed so that all values are presented in kilometers rather than
in meters. Furthermore, the number of significant figures in the dif-
ferences Hy - Hp and Zy - Zg is decreased to four or three for geometric
altitudes between 1000 and 3600 km and is further reduced to two for
greater altitudes. From 1000 to 3600 km the non-integral member of the
argument pair is tabulated to the nearest hundredth of a kilometer,
while at greater altitudes it is tabulated to the nearest tenth of a
kilometer.
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APPENDIX A

VALUES OF r, AND g, EMPLOYED IN THE CALCULATION

OF GEOPOTENTIAL AT VARIOUS LATITUDES

0 ry g6
45° 321 33" 6,356,766 .80665
0° 6,334,984 . 78036
15° 6,337,838 .78381
30° 6,345,653 .79324
45° 6,356,360 .80616
60° 6,367,103 .81911
75° 6,374,972 . 82860
90° 6,377,862 .83208
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APPENDIX B
PROGRAM FOR TABLE 2

¢ PROGRAM 1V

H 1

4?

25

27
29

DIMENSTION RO(8)YsGO(B) 927 (8)0l3Z(8)9sDA(T) sDD(8)F(T7)
= o 4858124F~-u2
R=wy]238918E~-06
= ¢1903029F-10
D=.8288881F-16
F=-e1822113E-22
G=G480665
R=6356766
DO 1 I=1s7
RFAD 100sRO(TIIsGUILTY
RI(II=ZRO(T ) *1.E+073
K="
2=44000
H=Z%*(le/(le+Z/R1))
DO 2 J=1s7
272 (J)=RO{IIH#H/LGO (I /G¥RU(I)—H)
D2(JI=722(J)=-2
IF (DZ2(JY) 4142942
NNJI=NZ(J) —a05
NACI)I=DZ(J)/10L0Ue=e ()5
ODF (J1=D2{(J1/10C N e=85
D7 (J)=(DZ{(J)/100U0Ue~e0UD)
GO TO 2
ND(JI=DZ(J) +e05
DALII=DZ(J)/1000e+eN5
NDF(JI=NZ(J)/1000Ce+eD
D7 (J)I=(DZ(J) /170 0e+40U5)
CONTINUF
ZA=2/10CUe
HA=H/100Ue+eU5
HG=H/1:00e+eU05
IF (ZA=-1C0Ce) 53+53,28
NDZ(B)s+{A+DRHZ+HCHZ X% +DRA 2 H#J+ER7 %% 4 )
NZ(6E)=NZ(8)/((le=H/R}®X(1e=t{/R=DZ(8)/R))
PN({B)I=NZ(8)1+.,05
IF (Z=17C000a) 25427427
PUNCH 1079 ZsHseDD(1)s0D(2) sDDI3)sLD(4)sTD(5)sLL(6)YDLIT) s LD(D)
GO T0O 16
IF (ZA-T104) 29947 447
PUNCH 107 92AsHsDDI1)s0D(2)sDDI3)sDDIL)YsDD(S) sTOIH)sLL(T)H»BD(8)
GO TO 16
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¢ PROGRAM Iv CONCLUDED

47
28

14
20
16
13

22
12
33

44
66

77
88

99
91

9?
35

36
37

38
10

11

100
101
103
1C4
107

21

86

PUNCH 107 9ZAsHsDD(1)sDD(2Z2) sDD(3)sDD(4)sDDIS)sLD(6)sDD(T)Y
IF (ZA-1GUDe) 16+28,28

K=K+1

IF (ZA=35UNe) 14+20,20

PUNCH 101s ZAsHGDZ (1)9DZ(2)9DZ2(3)sDZ(4)sDZ2(5)sLZ(6)sDLZ(T)
PUNCH 104 9sZAsHASDF (1) 9sDF(2)sDF(3)9sDA(4) sDF(5)9sDF(6)sLF(T)
IF (K=10) 22+413,13

PUNCH 1073

K=0

IF (ZA-10000e) 12421421

IF (Z-11000e) 33544444

2=74+250.

GO TO 5

IF (Z2-32000e) 6637777

7=74+500,

GO TO 5

IF (Z-90000.) 88+99,99

Z=Z+1000-

GO TO 5

IF (Z-120000e¢) 91492492

2=7+2000

GO TO 5

IF (2=-3C0000e) 35,364+36

2=7+4+500C0

GO TO 5

IF (Z2=-80U0C0e) 37,38,38

Z2=72+10000a .

GO TO 5

IF (Z2-500000Ue¢) 10411411

2=72+4+20000.

GNH TO 5

72=72+50000.

GO T0O S

FORMAT(F9 40 sF840)

FORMAT (F7e03F9e29sF7a296F842)

FORMAT (1H )

FORMAT (F7eUsF8elsF6e032F8e03FF«1sF7e4092F840)
FORMAT (FlO0eUsF9el s3F8elsFbels3FBelsFbel)

END



‘APPENDIX C
PROGRAM FOR TABLE 4

¢ PROGRAM 11
NIMFNSION RL(B)4GCO(R) sHHIIB)9eNZ(8)sNDA(B) oDDI(8)9DHI(8) 4DF(T)
A= o2879651F~-02Z
B==ea2161710E~-07
C=41807561F-1U
D=,9153012F=16
F=42006785E-22
(=3480665
R=6356766
DO 1 I=1.7
READ 10CsROULTI GG
1 RIII=RO(TI)*TE+U3
K="
H=AQOOUQ
5 Z=H/(le=H/R)
DO 2 J=1s7
HH(J)I =GO (J) /G*¥RG(UI*Z2/(RU(J)+7)
DHAJ)Y=HH{J) =-H
TF (DH(JI) 41042442
41 DD(J)I=(DH{JI=-e05)
DA(II=(DHIJi1/17UCe~eC5B)
DFEF(JI=DH(JI/10GliUe—ab
DH{J)I=(DH(J)/1uDle—elUUS)
GO TO 2
472 DDU(J)={(DH{JI+e05)
DA(JI=(DHIJ) /1000 e+e05)
DF{J)I=DHIJ)/1000e+a5
DHIJ)I=(DH{J) /1000 a+4005)
? CONTINUE
HH=FH/10GCU
Z2A=2/71000e+eui5
ZG=7/1(/OL).+'.U‘OS
26 IF (HH=1000e) 53453428
B2 D7(R)=—(A+R®Z+CHZIRHQ4DHZ ¥ XTI HERTZ#K 4 )
NY(R}I=NZ{8)~e05
IF (H=170000e) 25427427
258 PUNCH 107 HsZoDD(1)oDD(2)aDD{3) 9D (4 )eDDIS) sDD(6)sDD(T) LD (8)
GO TO 16
27 IF (HH=64Us)} 2947 47
26 PUNCH 107 sHHsZoDD(1)sTD(2)9DD{3)sUD(4)sUDIB) sLD(6E)sLD(T) sUD( 1)
GO TC 16
47 PUNCH 1CT7eHHSZ oDD{1)4DD(2)sDDI3)4DD(4) s3N{S)YsCDIE6)Y$DD(T)
IF (HH=-100Ce) 16378428
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PRAGRAM 1T CONCLUDED

29
14

20
1A
13

-
4

17
33

44
66

77
8s

92
35

36A
37

38

1C3
104
101
107
180

21

K=K+1

IF (HH=3U20e) 14420,20

PUNCH 1019 HIH9sZGeDHI(1) sDH(2)9DH(3) oDHIL ) sDH{B) sDH(E ) s LiH(T)
GO TO 16

PIINCH 104y HHeZASDF (L) sDF (2 )3sDA(3) sDA(4) sDA(S) 4DF(6)sDF(T7)
IF (K=10) 22+13,13

DONCH 1673

|<=f\

IF (HH=39UCe) 12421421

IF (H=11uC0e) 33944444

FizH+25C

GN TO 5

IF (H=32000e¢) 66977477

H=H+5(CCe

GO TO 5

IF (H=9CUUDe) B84999,99

H=H+100G0

GO TO S

IF (H=120000e) 91492,92

H=H+2000.

GN TO 5

IF (H=300U00Ce) 35436+36

H=H+5CCCa

50 TO S

IF (H=80U000e} 37438438

H=H+10000U «

GO TO 5

H=H+20000

GO TO 5

FORMAT (1H )

FORMAT (F7009F8'19F6.U’F8009F901,2F8.19F7009F8-O)
FORMAT (FT7eLosF9e23F7e29s6F8e2)

FORMAT (FOeUsFlUels3FB8elsFGels3F8elyFbHal)
FORMAT(F940sFB8e0)

END




